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The  material  in  this  publication  was  assembled  to  support  a Lecture  Series  under  the  sponsorship  of 
the  Propulsion  and  Energetics  Panel  and  the  Consultant  and  Exchange  Programme  of  AGARD 
presented  on  16-1 7 October,  1978  in  Munich,  Federal  Republic  of  Germany,  and  19-20  October,  1978 
in  London,  UK.  In  addition,  a one-day  Round-Table  Discussion  was  held  in  Paris,  France  on 
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Panel  of  At  1ARI)  aiul  is  implemented  by  the  Consultant  and  Exchange  Programme. 

Future  fuel  supplies  for  aviation  is  an  important  matter.  If  the  world  continues  to 
consume  its  petroleum  resources  at  its  current  rate  of  consumption,  it  will  essentially  run 
out  of  these  resources  by  the  turn  of  the  century.  The  need  for  aircraft  fuel  conservation  is 
most  urgent,  if  not  mandatory,  because  the  future  of  aviation  as  we  know  it  today . is  at 
stake.  This  lecture  series  is  designed  to  provide  various  interested  members  of  NATO  with 
a better  understanding  of  the  problems  facing  the  aerospace  community  and  to  provide 
an  opportunity  to  review  and  assess  what  steps  can  and  are  being  taken  to  alleviate  this 
international  problem. 


Current  and  forecasted  world  energy  demands,  growth,  and  supply  are  reviewed  in 
perspective  to  the  status  and  outlook  for  future  aviation  fuels  to  meet  NATO  needs.  The 
special  problems  associated  with  the  refining  of  aviation  fuels  from  lower  quality 
feedstocks  (including  fuel  refined  from  coal,  oil  shale,  and  tar  sands!  and  techniques  for 
reducing  energy  consumption  in  refining  processes  are  examined.  Special  attention  is  given 
to  the  chemistry  and  combustion  characteristics  of  future  hydrocarbon  fuels  and  the  impact 
of  using  these  fuels  in  aircraft  engines  and  fuel  systems.  An  assessment  is  made  as  to  what 
technology  advancements  are  currently  underway  and  what  other  advancements  are  needed 
with  reference  to  engine  components,  engine  systems,  aircraft  designs  and  operational 
procedures  to  help  conserve  fuel  resources. 
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INTRODUCTION  AND  OVKRV1KW 
by 

Nelson  F.  Kekos 

NATIONAL  AERONAUTICS  AND  STACK  ADMINISTRATION 
Washington,  DC 


Fot  many  years  most  of  ua  In  the  aviation  community  felt  that  the  conservation  of 
hydrocarbon  fuela  vaa  someone  elae's  problem  not  out  a ; aftet  all, the  automobile  ami 
lmtuatry  In  general  were  the  prime  uaera  of  l>etr  oleum-based  fuels,  not  aircraft.  Rut 
now , we  are  rapidly  approaching  the  day  where  the  automobile  manufacturers  and  Industrial 
communities  will  have  done  practically  everything  possible  to  conserve  energy  and  we  in 
the  aviation  community  will  be  asked  what  we  have  done  to  alleviate  the  energy  problem. 
From  the  statistics  point  of  view  we  are  now  in  a per  rod  of  time  that  some  consider  as 
a time  of  "plenty*  and  which  might  last  to  about  the  close  of  this  century.  We  now  no 
Longer  measure  out  oil  resources  in  terms  of  centuries,  but  recognise  that  a time  of 
"famine"  is  rapidly  approaching.  Simply  put,  out  demand  for  fuel  is  outstretching  out 
ability  to  supply  fuel.  Therefore,  it  appears  that  now  is  the  time  to  take  some  appro- 
priate actions  and  to  profit  from  the  early  scriptures  by  making  full  use  of  this  time 
of  "plenty*  to  prepare  for  the  "famine"  of  the  future.  Although  none  of  out  lecturers 
profess  to  be  like  the  prophets  of  old,  l think  you  will  agree  with  me  that  their 
epistles  make  a great  deal  of  sense  and  offer  ua  siune  hope  for  the  future. 

The  need  for  aircraft  fuel  conservation  is  extremely  important,  because  the  future 
of  aviation  as  we  know  it  today  is  at  stake.  We  also  know  that  fuel  conservation  alone 
will  not  be  sufficient  to  maintain  adequate  fuel  resources  for  aviation,  particularly  in 
view  of  predicted  aviation  growth  rates  and  the  probable  future  petroleum  supply  situa- 
tion, not  just  in  regard  to  quantities  and  economics , but  also  in  regard  to  the  nature 
of  the  crude  oil  itself.  As  our  lecturers  will  point  out,  the  general  availability  of 
previously  abundant  high-grade  crudes  is  decreasing  and  will  probably  continue  to  decrease 
as  our  search  for  oil  expands  to  all  corners  of  the  earth.  The  lower  grade  crudes, 
usually  degraded  by  large  concentrations  of  atr'iiiatlc  hydrocarbon  components,  will  have 
the  effect  of  reducing  the  fraction  of  the  barrel  (middle  distillates)  which  is  naturally 
suited  for  jet  fuels  and  which  requires  minimum  processing  to  meet  current  fuel  specifica- 
tions. The  demand  by  other  users  in  the  energy  marketplace  for  these  middle  distillates 
are  also  expected  to  increase  in  the  future,  further  threatening  the  let  fuel  supply 
availability  for  aviation  use.  Therefore,  in  addition  to  fuel  conservation,  other 
measures  must  be  sought  to  assure  a reasonable  fuel  supply  for  aviation  use.  These  other 
measures  include  the  use  of  alternative  fuel  sources  and  the  creation  of  a broader  »i>eo- 
iflcation  for  jet  aviation  fuela. 

The  feasibility  and  practicality  of  possible  jet  fuels  other  than  current  specifica- 
tion type  hydrocarbon  fuels  has  been  studied  by  many  investigators.  Methanol,  methane, 
hydrogen,  and  a range  of  kerosene-type  hydrocarbons  made  from  shale  oil,  coal,  or  tat 
sands  are  some  of  the  candidate  alternate  fuela  that  were  studied.  The  studies  indicated 
that  methanol,  methane  and  hydrogen  were  not  realistic  or  near-term  solutions  to  the  iet 
fuels  problem,  although  hydrogen  was  noted  as  particularly  attractive  for  very  long-term 
potentials,  beyond  this  century.  The  alternative  fuels  refined  from  shale  oil,  coal,  and 
tar  sands  appear  to  have  the  moat  potential  in  terms  of  availability  for  future  energy 
users  including  aviation,  since  these  fuel  feedstocks  are  relatively  plentiful  and  can  be 
made  available  in  the  near-term  time  period.  These  fuela,  if  they  can  be  economics  1 ly 
produced  without  seriously  impacting  the  environment,  afford  an  opportunity  to  relieve 
the  present  total  dependence  on  petroleum  as  a fuel  source. 

These  alternative  fuela  must  also  be  compatible  with  present  aircraft  systems  and 
be  able  to  be  used  without  degrading  performance  oi  other  desirable  operational  character- 
istics. To  make  these  alternative  future  jet  fuela  economically  acceptable,  a broader 
or  more  permissive  fuel  specification  than  present  ones  will  be  required  particularly  a 
sped f icat ion  which  can  permit  an  optimal  compromise  between  fuel  refining  requirements 
and  engine  and  fuel  system  compat ibi 1 i ty  requirements.  More  on  this  subject  will  be  dis- 
cussed by  the  other  lecturers.  It  is  very  important  to  recognise  that  minimising  total 
fuel  and  enemy  coats  for  future  aircraft  will  necessitate  trades  among  refinery  energy 
and  coats,  aircraft  fuel  costa,  and  total  energy  conservation.  The  adaptation  of  a 
broadened  fuel  sped f leaf  ion  to  current  petroleum  fuels  will  relax  the  growing  pinch  on 
petroleum  based  fuel  availability  by  increasing  the  fraction  of  the  barrel  which  can  be 
used  economically  for  jet  fuela,  and  help  provide  the  user  with  some  relief,  at  least 
until  alternative  fuel  sources  com e on  line  in  significant  quantities. 

During  this  Lecture  Series,  we  will  attempt  to  provide  you  with  a better  under- 
standing of  the  energy  problems  facing  the  aviation  community.  Current  and  forecasted 
world  energy  demands,  growth,  and  supply  will  be  reviewed  in  perspective  to  the  status 
and  outlook  for  future  aviation  fuels  to  meet  NATO  needs.  The  special  problems  associ- 
ated with  the  refining  of  fuels  from  lower  quality  feedstocks  (including  fuels  refined 
from  coal,  oil  shale,  and  tar  sands)  and  techniques  for  reducing  energy  consumption  in 
refining  processes  will  be  examined.  The  chemistry  and  combustion  characteristics  of 
future  hydrocarbon  fuels  and  the  Impact  of  using  these  fuels  in  aircraft  engines  and 
aircraft  fuel  systems  will  receive  special  attention.  Finally,  air  assessment  will  be 
made  as  to  what  technological  advancements  are  currently  underway  and  what  other  advance- 
ments are  needed  with  reference  to  engine  component s . engine  systems,  aircraft  designs 
and  operational  procedures  to  help  conserve  aircraft  fuel  resources  and  alleviate  this 
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international  problem.  The  Lecture  Series  will  be  concluded  with  an  Open  Forum  Round 
Table  Discussion,  at  which  time,  the  lecturers,  host  country  guest  speakers,  and  the 
general  audience  will  have  an  opportunity  to  review  the  highlights  of  the  Lecture  Series 
and  discuss  issues  and  concerns  that  may  have  been  overlooked  or  not  adequately  covered 
during  the  formal  lectures. 

In  the  short  time  we  have  for  the  Lecture  Series,  the  presentations,  by  necessity, 
are  somewhat  limited  in  scope  and  depth.  However,  I believe  you  will  be  able  to  find 
sufficient  references  in  the  lecture  notes  to  enable  you  to  obtain  a more  comprehensive 
in-depth  treatment  of  the  subject  matter  discussed  in  the  lectures. 
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FUTURE  FUELS  FOR  AVIATION 
by 

J.J.  Macfarlane 
Senior  Visiting  Fellow 
Department  of  Mechanical  Engineering, 

Imperial  College  of  Science  and  Technology, 

London  S.W.7 

SUMMARY 

The  historical  background  of  the  current  aviation  gas  turbine  fuel  specification  is  described. 

Current  local  supply  difficulties  are  discussed  in  relation  to  crude  oil  availability  and  the  pattern  of 
regional  demand  for  petroleum  products. 

The  consensus  of  expert  opinion  on  the  effects  of  predicted  future  petroleum  resource  availability 
and  of  various  trade  and  economic  factors  on  future  rates  of  production  are  described.  Recent  data  on 
the  demand  for  petroleum  products  and  the  crucial  Importance  of  future  demand  control  are  discussed.  The 
prospects  for  petroleum  based  aviation  fuel  are  evaluated.  The  long  term  sources  of  aviation  fuel  are 
described  and  the  problem  areas  enumerated.  The  need  for  a research  program  on  alternative  fuels  is 
demonstrated. 

Previous  work  using  model  flames  on  the  effects  of  fuel  composition  on  rich  flame  chemistry  is  re- 
viewed and  the  potential  contribution  of  fundamental  research  in  the  alternative  aviation  fuels  program 
is  outlined. 

1.  INTRODUCTION 

The  motivation  for  this  lecture  derives  from  active  concern  in  the  United  States  of  America  to  se- 
cure, for  the  medium  and  long  term,  specifications  which  will  describe  fuels  for  aero  gas  turbines  engines 
which  can  be  derived  more  economically  and  in  sufficient  quantity  from  more  restricted  fossil  fuel  re- 
sources and  which  will  continue  to  permit  satisfactory  engine  and  aircraft  operation. 

An  increase  in  research  activity  in  this  area,  largely  under  N.A.S.A.  sponsorship,  was  brought  to 
the  author's  attention  (at  that  time.  Head  of  Combustion  and  Instrumentation  Technology  Department  at  the 
National  Gas  Turbine  Establishment)  in  the  Autumn  of  1976,  by  various  United  Kingdom  visitors  to  the  U.S.A. 
from  Ministry  of  Defence  (Procurement  Executive)  (MOD  (PE))  and  from  Rolls-Royce  Ltd. 

At  that  time,  relaxations  to  the  present  Jet  A^  specification  (DERD  2494,  AVTUR  50)  were  being  can- 
vassed, particularly  with  regard  to  aromatics  content  and  freezing  point  temperatures,  to  relieve  short- 
ages which  were  said  to  be  occurring  on  the  U.S.  west  coast  due  to  reduced  availability  of  suitable  types 
of  crude  oil.  These  relaxations  could  be  expected  to  do  little  however  to  relieve  the  more  severe  short- 
fall in  jet  fuel  which  was  predicted  for  the  medium  to  long  term  if  expected  Increases  in  U.S.  demand  and 
decreases  in  crude  oil  supplies  were  realized.  The  pattern  of  U.S.  demand  for  refii.ed  products  was  such 
that  any  significant  increase  in  the  fraction  of  crude  oil  being  used  for  jet  fuel  must  imply  the  inclu- 
sion of  material  from  the  diesel  fuel  range.  The  possibility  that  the  resultant  deterioration  in  low 
temperature  properties  might  need  to  be  alleviated  by  the  inclusion  of  some  gasoline  fraction  caused 
particular  concern  in  the  U.K.  since  it  raised  important  issues  of  aircraft  fuel  safety.  Indeed,  the 
U.K.  was  active  in  fuel  additive  research,  aimed  at  eliminating  even  the  more  restricted  fuel  safety 
problems  experienced  with  aviation  kerosene  - particularly  those  under  aircraft  crash  conditions.  The 
inclusion  of  gasoline  in  the  fuel  would  nullify  the  effects  of  such  additives. 

It  was  realized  that  the  U.K.  aero  engine  Industry  would  have  to  pay  close  attention  to  these  develop- 
ments if  it  wished  to  remain  competitive  in  U.S.  markets.  Further,  while  it  could  be  argued  that  European 
aviation  fuel  supplies  were  less  likely  to  be  constrained  in  this  way  in  the  short  to  medium  te'-m  (5  to 
10  years)  the  problem  was  likely  to  be  encountered  there  also  in  the  longer  term  (10  to  20  years). 

In  order  to  establish  a U.K.  view  of  the  problems  which  might  arise,  a working  party  under  the  chair- 
manship of  the  author  was  convened  in  March,  1977,  comprising  representatives  of  the  airframe  and  engine 
sides  of  MOD  (PE)  and  of  the  U.K.  aero  engine  Industry.  A working  paper,  discussing  the  problem  and  its 
implications  and  outlining  a possible  program  of  work  required,  was  presented  and  discussed  at  a meeting 
of  the  MOD  (PE)  Turbine  Fuels  Coamlttee  on  the  27th  April,  1977.  The  text  of  this  paper,  updated  in  the 
light  of  comments  received  from  members  of  the  committee  is  being  published  (1).  The  reaction  of  this 
committee  to  the  paper  was  polarized,  predictably  enough,  between  the  petroleum  industry  representatives, 
anxious  as  always  to  obtain  any  relaxation  of  the  fuel  specification  which  would  ease  their  supply  problem 
and  the  user  side,  covering  both  airframe  and  engine  Industry  representatives  anxious,  if  possible,  to 
maintain  the  status  quo.  In  particular,  after  referring  to  the  potentially  high  cost  of  programmes  of 
empirical  engine  development  to  cope  with  higher  boiling  range,  high  carbon/hydrogen  ratio  fuels,  the 
users  wanted  to  know  what  was  the  likely  extra  cost  of  the  alternative  approach  - of  making  increased 
amounts  of  fuel  to  the  present  Jet  A]  specification  by  means  of  established  refining  techniques  of  conver- 
sion and  by  hydrogenation.  One  oil  company  representative  produced,  on  the  spot,  a ball  park  figure  of  a 
5%  increase  in  fuel  costs.  Subsequent  to  the  above  meeting,  the  N.A.S.A.  sponsored  activities  have  been 
discussed  in  detail  in  several  publications  (2.3  for  example)  which  have  broadly  confirmed  the  word-of- 
mouth  details  on  which  these  discussions  were  based. 

It  is  evidently  of  some  importance  to  N.A.T.O.  that  the  correct  choice  should  be  made  on  how, 
collectively,  the  various  member  countries  in  the  organization  should  proceed  in  this  matter.  The  present 
paper  can  probably  best  serve  this  end  by  making  a detailed  re-examination  of  the  premises  on  which  the 
various  arguments  are  based.  This  will  cover  (1)  the  consensus  opinion  on  the  future  availability  of 
petroleum  crude,  (2)  the  pattern  of  demand  for  petroleum  products  prior  to  and  since  the  1973  crisis  in 
petroleum  supply.  (3)  the  constraints  placed  on  menber  countries  by  their  Individual  patterns  of  demand. 
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(4)  the  likely  lonj  term  methods  of  aviation  fool  production  and  thence,  the  most  Advisable  Interim  pro- 
cedure. While  wishing  to  avoid  encroaching  on  the  areas  covered  by  later  speakers  In  the  team,  the 
writer's  past  experience  In  certain  basic  areas  of  co*>ust1on  research  will  be  called  upon,  briefly,  to 
demonstrate  the  constraints  of  coabustlon  chemistry  and  fluid  dynamics  on  choice  of  fuel. 

2.  HISTORIC*!.  BACkGROLIND  Of  THE  PRESENT  AVIATION  FUEL  SPECIFICATIONS 

The  first  Whittle  gas  turbine  («)  used  a coabustor  design  based  on  the  Industrial  furnace  practise 
then  current.  With  Increased  operational  safety  In  mind,  the  fuel  chosen  by  Whittle  for  these  first  tests 
was  gas  oil.  When  failure  of  the  first  coafcustor  destyi  led  to  experiments  with  desliyis  using  fuel 
vapourizer  tubes  within  the  primary  flame,  a fuel  with  a sonrwhat  lower  boiling  range  - kerosine  - was 
substituted.  This  fuel  was  retained  for  the  subsequent  successful  combustion  system  using  pressure 
atomizers. 

For  safety  In  home  use,  domestic  keroslnes  have  flash  points  above  100°F  (37.8°C)  and  the  marketing 
practise  has  grown  up  of  dual  branding  for  domestic  and  aviation  use.  A specification  for  aviation  kero- 
sine - HERO  24 S’  (AVUIR,  Jet  A)  was  Issued  In  1951.  Two  Important  limits  In  this  specification  were  a 
maximum  freezing  point  temperature  of  -4CPC  and  the  control  of  carbon/hydrogen  ratio  by  limiting  the  aro- 
matic hydrocarbon  content  to  20%  maximum,  there  being  then  no  suitable  method  In  use  In  the  refinery 
laboratories  for  the  direct  iwasurement  of  carbon  and  hydrogen  content  of  the  fuel.  Subseqi*nt  experience 
of  minimum  aircraft  fuel  tank  temperatures  significantly  below  -4CPC  In  long  flights  at  high  altitude  in 
certain  ccmbinations  of  destination,  season  and  weather  conditions,  led  to  the  Introduction  of  a -5lPC 
freezing  point  kerosine  (DERD  ,'494,  AVTUR  50,  Jet  A-))  In  March  1957.  The  ,’0t  aromatics  limit  was  retained. 
The  lowering  of  freezing  point  was  accompanied  by  a noteable  reduction  in  final  boiling  point  ten*terature 
from  about  ZSCf’C  for  Jet  A to  around  25CPC  for  Jet  Aj . 

To  maintain  comnvn  specifications.  Working  Party  15  of  the  Air  Standardl  zatlon  Coordination  Committee, 
covering  aviation  fuels,  lubricants  and  allied  products  was  set  up,  with  regular  meetings  of  delegates 
from  U.S. A.,  Canada,  New  Zealand,  Australia  and  U.k.  Later,  a similar  N.A.T.O.  body  was  set  up.  the 
N.A.T.O.  Military  Agency  for  standardization  - Aviation  Fuels  and  Lubricants  Working  Party,  with  represen- 
tatives from  all  member  nations. 

To  cater  for  Increased  fuel  availability  In  the  event  of  war,  a specification  for  a wide  boiling  range 
fuel  was  agreed  (OCRD  248b.  AVTAG,  JP4).  This  had  no  lower  limit  on  flash  point  temperature  (putting  it 
In  the  sane  category  as  gasoline  under  British  law  from  the  point  of  view  of  safety  In  handling),  raised 
the  maximum  permitted  aromatics  content  to  25%  and  lowered  freezing  point  to  -5tPC.  While  all  military 
aircraft  have  to  be  cleared  for  operation  on  both  fuels,  regular  routine  use  of  the  wide-cut  fuel  Is 
limited  to  the  U.S.  forces,  other  N.A.T.O,  air  forces  and  nearly  all  civil  flying  being  based  on  .let  A). 

3.  CRUDE  OIL  RESOURCES,  PRODUCTION  AND  CONSUMPTION 

3 . 1 Sources  of  data 

For  the  twenty-five  years  prior  to  the  1973  petroleum  crisis,  the  most  widely  available,  detailed 
summary  of  fuel  and  energy  statistics  Is  undoubtedly  the  United  Nations  Statistical  Yearbook  (5).  One 
difficulty  with  this  publication  Is  that  the  volume  dated  for  a particular  year  only  becomes  available  to- 
wards the  end  of  the  succeeding  year  and  then  only  contains  data  up  to  the  year  prior  to  the  nominal  date 
year.  This  leaves  a gap  of  2 to  3 years  which,  while  It  Is  not  important  when  looking  back  over  periods 
of  ten  to  twenty  yeers  of  steady  progression.  Is  not  adequate  for  rapidly  changing  situations  such  as  the 
one  which  we  have  experienced  since  1973.  This  does  remain  the  only  publication  covering  statistics  for 
all  nenbers  of  N.A.T.O.  The  nine  number  countries  who  are  also  members  of  the  E.E.C.  are  covered  by  the 
Eurostat  publications  (6),  which  originally  appeared  quarterly  and  have  more  recently  been  published 
monthly  with  data  three  months  In  arrears  and  with  separate  series  of  bulletins  for  hydrocarbons  and  for 
solid  fuels.  The  United  States  fuel  scene  used  to  be  covered  mainly  by  various  commercial  publications 
but  the  Federal  Energy  Agency  now  also  publishes  a monthly  bulletin  of  statistics  (7)  with  data  three 
months  In  arrears.  One  problem  with  this  latter  Is  that,  unlike  the  others  (5,  6)  which  give  data  in  met- 
ric tonnes,  the  F.E.A.  data  is  volumetric,  the  unit  of  volume  being  the  United  States  Barrel.  The  density 
changes  (and  apparent  volume  growth),  which  occur  during  normal  refining  to  the  wide  range  of  products  now 
available,  make  the  data  difficult  to  handle.  The  help  of  the  Energy  Attache,  at  the  United  States  Enbassy 
In  London,  in  overcoming  this  difficulty  Is  gratefully  acknowledged.  Having  evidently  met  with  the  same 
problem  himself,  he  had  sought  out  and  was  able  to  pass  on  values  of  factors  converting  U.S.  Barrels  to 
metric  tonnes  for  a world  average  crude  oil  and  for  average  specimens  of  the  four  main  types  of  major 
refined  products  - Motor  Gasoline,  Jet  Fuel,  Distillate  Fuel  Oil  and  Residual  Fuel  Oil.  These  factors 
came  originally  from  the  Statistics  Division  of  the  British  Petroleum  Company,  whose  help  is  also  gratefully 
acknowledged,  particularly  for  access  to  a copy  of  their  1975  Statistical  Review  of  the  World  Oil  Industry 
(8).  This  review  has  been  Issued  privately,  annually  since  1956,  with  data  some  6 months  in  arrears. 

C 011*1,1  ri sons  have  been  made  between  annual  values  of  total  yearly  energy  consumption  derived  from 
detailed  figures  for  the  various  fossil  fuel  categories  in  (6,  7)  and  values  for  the  same  total  given  In 
the  most  recent  U.N.  statistical  year  book  (1976)  and  agreement  Is  very  good.  Where  direct  comparison  is 
possible,  values  In  (8)  are  significantly  higher  than  corresponding  values  In  (6,  7)  (e.g.  up  to  *10t  on 
U.S,  Natural  Gas  Consumption  data  and  *10  to  »!3t  on  U.S.  consumption  of  total  petroleum  products. 

3.2  Crude  ol 1 resources  and  production 

During  the  twenty  years  prior  to  1973,  the  world  total  consumption  of  crude  oil  increased  at  a fairly 
steady  rate  of  +7%  per  year,  that  Is,  effectively  doubling  every  ten  years.  The  discovery  of  fresh  oil 
reserves,  although  mote  erratic,  also  showed  this  average  rate  of  increase  so  that,  for  this  period,  the 
apparent  life  Index  (the  ratio  of  proven  resources  to  rate  of  production)  was  steady  at  about  30  years. 


A N.A.T.O.  Long  Term  Scientific  Study  on  military  fuels  was  concluded  in  January,  1975,  in  the  wake 
of  the  1973/74  oil  crisis  and  its  findings  were  hampered  by  the  fact  that  the  future  behaviour  of  oil 
demand,  because  of  the  effects  of  the  major  price  change  which  had  just  occurred,  was  quite  unpredictable. 
Future  demand  level  could  be  affected  by  adverse  trade  and  by  monetary  policies.  While  future  supplies 
could  be  affected  by  possible  conservation  of  resources  by  oil  exporting  countries  by  means  of  restric- 
tion of  resource  development,  a major  uncertainty  was  the  actual  ultimate  size  of  the  total  economically 
recoverable  resources  (U). 
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Parent  and  Linden  (9)  in  their  empirical  projection,  used  a resource  base  of  3000  x 10  U.S.  Barrels, 
deriving  this  from  a summary  report  of  the  National  Petroleum  Council  (U.S. A.)  in  December  1972.  Using 
an  empirical  equation,  br  »d  on  the  assumption  that  annual  rate  of  discovery  of  new  resources  will  con- 
tinue to  grow  exponentially,  subject  to  the  constraint  of  the  fraction  of  ultimately  recoverable  oil  yet 
to  be  discovered,  they  deduced  that  reserves  would  reach  a maximum  by  1990  and  that  life  index  would  then 
decrease  to  a level  of  12  years  by  the  end  of  tne  century. 
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To  demonstrate  the  effect  of  U,  a second  set  of  projections  was  produced,  based  on  U • 4000  x 10 
U.S.  Barrels  which  showed  that  the  date  of  maximum  reserves  was  only  postponed  by  about  5 years  and  the 
life  index  by  a similar  increase.  This  treatment  expected  world  energy  demand  to  go  on  Increasing  at  S 
to  6t  per  year  and  that  crude  oil  demand  would  increase  faster  than  this  until  met  by  resource  limitations. 

Probably  the  most  authoritative  more  recent  pronouncement  on  this  subject  is  the  report  of  the  Work- 
shop on  Alternative  Energy  Strategies  (W.A.E.S.)  (10).  This  gives  the  consensus  opinion  of  a team  of 
thirty  experts  from  fifteen  industrialized  countries,  meeting  at  regular  Intervals  over  a period  of  more 
than  two  years.  This  suggests  that  2000  x 1CP  U.S.  Barrels  is  the  figure  for  U towards  which  geological 
opinion  is  now  converging,  a figure  which  Includes  reserves  in  the  coenunist  countries.  The  report  admits 
a range  of  possible  values  of  U from  1600  x l(r  to  3000  x 1CP  and  using  a somewhat  controversial  figure 
of  2 Of  for  percentage  of  reserves  in  the  communist  area,  studies  the  effects  of  three  levels  of  reserves 
for  W.O.C.A.  (the  World  outside  the  communist  area)  of  1300,  1600  and  2400  x lCr  U.S.  Barrels. 

On  tne  basis  that  it  is  impossible  to  produce  at  an  annual  rate  of  more  than  101  of  the  primary  re- 
coverable reserves  without  reducing  the  total  amount  eventually  recovered,  the  minimum  feasible  life 
index  is  placed  at  10  to  1.  Since  different  oil  discoveries  are  concurrently  at  different  stages  of  their 
development,  an  aggregate  figure  of  15  to  1 for  minimum  life  index  is  assumed.  For  1975,  the  W.O.C.A. 
cumulative  production  is  291  x lOr  U.S.  Barrels  and  the  remaining  proven  reserves  555  x 10r  U.S.  Barrels. 
Two  future  rates  of  addition  to  reserves  of  oil  are  considered:-  (a)  20  x lOP  U-S.  Barrels  per  year  which 
is  coupled  with  h i gfi  rates  of  economic  growth  and  rising  prices  and  (b)  10  x lCr  U.S.  Barrels  per  year, 
coupled  with  low  rates  of  economic  growth  and  substantial ly  constant  prices.  The  effects  of  the 
different^variables  are  summarized  in  Table  1.  On  the  basis  of  a preferred  value  of  U for  W.O.C.A.  of 
1600  x l(r  U.S.  Barrels,  it  is  shown  that  for  case  (a)  above,  with  no  artificial  limitation  of  rate  of 
production,  the  latter  would  peak  at^some  86  » 1(P  Barrels  per  day  in  1997.  With  production  limited  by 
O.P.E.C.,  the  curve  peaks  at  71  x lCr  Barrels  per  day  in  1988  for  a production  limit  of  45  x 1CP  Barrels 
per  day  and  at  Sd  x 1C0  Barrels  per  day  in  1981  for  a production  limit  of  33  x 1(£  Barrels  per  day.  The 
values  for  case  (b)  above  are:-  with  no  production  limitation,  a peak  of  66  x 10^  Barrels  per  day  in  1993, 
at  61  ><  1(£  Barrels  per  day  in  1989  for  an  O.P.E.C.  production  limit  of  40  x 1(P  Barrels  per  day  and  at 
51  x lCr  Barrels  per  day  in  1983  for  an  O.P.E.C.  production  limit  of  33  x 1 CP  Barrels  per  day.  The 
effects  of  these  artificial  limitations  of  production  by  O.P.E.C.  would  be  to  slow  down  the  decline  in 
oil  supplies  so  that  total  production  would  remain  above  the  1975  level  until  2027  AD  for  case  (a)  and 
2013  AD  for  case  (b).  Finally,  it  is  argued  that  if  U for  W.O.C.A.  proves  to  be  higher  than  the  figure 
of  1600  x 1CP  U.S.  Barrels  used  for  the  above  calculation,  the  effect  would  be  more  likely  to  extend  the 
oil  availability  plateau  into  the  21st  century  rather  than  to  Increase  oil  production  substantially 
before  2X0  AD. 

3.3  The  pattern  of  demand  for  petroleum  products  before  and  since  1973 

The  figure  of  7%  per  year  for  the  rate  of  increase  in  world  demand  for  oil  in  the  two  decades  before 
1973  is  somewhat  misleading.  The  situation  is  analysed  in  Table  2 which  summarises  consumption  of  total 
energy  and  of  the  major  types  of  fossil  fuels  - petroleum,  natural  gas  and  coal  during  this  period  for 
the  whole  world,  for  North  America  and  for  Western  Europe  (due  to  an  accident  of  data  availability,  the 
two  decades  used  overlap  by  one  year). 

The  latter  both  had  similar  steady  rates  of  increase  in  total  energy  demand  of  just  over  3%  per  year 
Tor  the  whole  period,  compared  with  a value  of  4.6t  for  the  whole  world.  When  this  is  broken  down  into 
fuel  types  however,  there  are  significant  differences  between  the  two  regions.  North  America  had  a steady 
rate  of  Increase  in  demand  for  petroleum  similar  to  the  rate  for  total  energy  (+3.7t  per  year),  with  a 
much  slower  Increase  in  coal  consultation  and  with  an  initially  high  rate  of  increase  in  natural  gas  con- 
sultation, slowing  down  in  the  second  decade.  By  contrast.  Western  Europe  was  in  a period  of  considerable 
change,  with  a large  rate  of  increase  in  petroleum  consumption,  slowing  down  in  the  second  decade,  a 
falling  rate  of  coal  consumption  and  a rapidly  expanding  use  of  natural  gas. 

The  major  Influence  for  change  in  the  period  following  1973  was  a very  rapid  increase  in  the  price  of 
crude  oil  to  between  three  and  four  times  its  pre-1973  cost.  A detailed  summary  of  the  effects  of  this 
change  on  energy  use  in  the  E.E.C.  countries  and  in  the  U.S. A.  is  si. own  in  Table  3.  For  all  of  these 
countries,  there  is  a predictable  reaction  away  from  petroleum  fuels,  the  data  for  1974  and  through  1975 
showing  a substantial  decrease  in  petroleum  consumption  - 7t  per  year  for  the  E.E.C.  group  and  -3.3t  per 
year  for  the  U.S. A.  In  1976,  with  the  notable  exception  of  the  U.K.,  there  is  a general  swing  upwards, 

+8t  for  06R  and  +7*  for  France  and  Italy  among  the  major  users.  The  U.S. A.  figures  show  +8.8t.  The  U.K. 
shows  a further  decrease  of  -ljt.  It  was  tempting  to  expect  this  general  rise  to  herald  a return  to  the 
historic,  pre-1973  increment  of  +7t  per  year  but  the  1977  data  soon  dispelled  this  with  the  aggregate 
E.E.C.  figure  decreasing  by  3*.  For  1977,  the  U.S. A.  showed  a continuing  increase  of  >6.4t.  Table  3 
also  lists  consumption  of  natural  gas,  hard  coal  and  other  energy  sources  (electricity  generation  by 


geothermal,  hydro-electric  and  nuclear  power  Installations)  all  In  terms  of  millions  of  tonnes  of  oil 
equivalent.  In  calculating  the  oil  equivalent  of  these  other  energy  sources,  a generating  efficiency  of 
35*  was  assumed  for  the  supposed,  substitute,  oil-fired  steam  based  system. 

The  behaviour  of  the  total  energy  consunption  figures  over  this  period  is  much  less  dramatic.  Most 
of  the  individual  countries  show  an  overall  incremental  rate  for  total  energy  consumption  of  *1  to  *11 
per  year,  with  a quite  general  small  dip  below  this  rising  characteristic  for  1975.  The  decrease  in 
European  petroleum  consunption  has  been  replaced,  largely  by  natural  gas  which,  for  the  E.E.C.  as  a whole, 
shows  an  increment,  averaged  over  the  period,  of  ♦&.81.  The  additional  factors  in  the  U.K.  have  been  the 
availability  of  coal  and  the  fact  that  many  of  the  thermal  power  stations  were  designed  to  operate  satis- 
factorily, alternatively  either  on  coal  or  on  residual  fuel  oil.  The  sharp  increase  in  coal  consumption 
in  1975  reflects  a return  from  oil  firing  to  coal  firing,  as  a matter  of  central  policy,  in  many  of  these 
power  stations.  The  other  major  coal  producing  country  in  Europe  - West  Germany  - has  shown  a continuing 
decline  in  hard  coal  consumption  (-2.6*  per  year  for  the  period)  while  the  production  of  brown  coal  (not 
included  in  the  Table  3 Summary)  is  also  decreasing  rapidly  (-8.6*  for  1977).  There  have  been  recent  re- 
ports of  increased  investment  in  West  German  coal  mining  however  which  should,  in  time,  reverse  these 
trends . 


3.4  Constraints  imposed  by  differences  in  the  pattern  of  demand  for  petroleum  products  in  individual 
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Attention  has  already  been  drawn  in  the  previous  section  to  differences  in  the  make-up  of  the  total 
energy  package  and  differences  in  trends  for  individual  fuels  between  the  E.E.C.  countries  and  the  U.S.A., 
as  evidenced  by  the  data  in  Table  3.  A further  constraint  is  applied  by  the  very  substantial  differences 
in  the  pattern  of  consumer  demand  for  refined  products.  These  differences  are  shown  in  Table  4 which  gives 
a detailed  breakdown  of  refinery  products  for  the  year  1975  for  the  whole  world,  for  the  United  States  of 
America,  for  the  world  other  than  the  U.S.A.  and  for  N.A.T.O.  countries  without  the  U.S.A.  It  should  be 
noted  that  the  1975  figure  for  weight  of  total  products  given  in  column  2 of  Table  4 is  substantially 
smaller  than  the  1975  total  products  consumption  figure  in  Table  3.  The  value  in  Table  4 is  for  petroleum 
products  actually  refined  in  the  U.S.A.  The  difference  between  the  two  totals  reflects  the  very  substan- 
tial trade  in  imports  of  finished  products  in  the  U.S.A.  The  magnitude  of  trade,  not  only  in  crude  oil 
but  in  imports  and  exports  of  finished  products  to  and  from  individual  countries,  is  such  that  data  ex- 
pressed solely  as  production  figures  can  give  a misleading  impression.  Fur  'his  reason.  Table  3 is  given 
in  terms  of  product  consumption  although  this  ignores  the  few  percent  of  crude  oil  represented  by  refinery 
losses.  These  losses  are  expected  normally  not  to  exceed  5*. 

If  we  turn  now  to  Table  4,  the  last  two  columns  show  the  breakdown  of  products  typical  of  refineries 
in  Europe  and  the  Middle  East,  with  gasoline  at  16  to  18*  and  a total  kerosine  fraction  of  about  7*  which 
is  marketed  in  different  ways  following  the  pattern  of  local  demand.  Distillate  fuel  oil  (including 
diesel  fuels)  is  about  25*  and  some  40*  is  used  as  residual  fuel  oil,  the  bulk  of  which  will  be  burned  in 
boiler  furnaces.  The  very  small  amounts  of  petroleum  coke  produced  (about  0.2*)  indicates  the  very  limited 
use  make  of  thermal  cracking. 

In  the  U.S.A.  on  the  other  hand,  something  approaching  70*  of  the  crude  oil  is  used  as  fuel  for  trans- 
portation of  one  form  or  another.  Various  conversion  techniques  are  used  to  maximise  gasoline  yield  - the 
production  of  coke  approaching  4*  suggests  the  extensive  use  of  thermal  cracking.  Distillate  fuel  oil 
production  is  at  a similar  level  to  European  practise  but  residual  fuel  oil  is  only  just  over  11*.  The 
U.S.  pattern  of  product  demand  is  still  developing  and  changes  in  demand  for  the  four  major  product  types 
for  the  period  1972  to  1977  are  shown  in  Table  5.  Gasoline  demand  shows  an  average  annual  rate  of  increase 
of  +2.4*  and  thus  represents  a decreasing  fraction  of  the  total  crude  (42.9*  for  1977  as  con^ared  with  48* 
in  1972).  Jet  fuel  shows  a similar  average  annual  increment  (+2.8*)  and  again,  as  a percentage  on  crude, 
the  yield  has  decreased,  from  7*  to  6.4*.  Distillate  fuel  oil  shows  only  small  annual  fluctuations.  The 
major  change  has  been  in  Residual  fuel  oil  production,  which  have  very  nearly  doubled  over  this  short  period. 
Residual  fuel  oil  is  also  the  largest  imported  finished  product. 

4.  THE  PROSPECTS  FOR  CONTROLLING  CRUDE  OIL  DEMAND 

The  absolute  availability  of  petroleum  crude  to  meet  at  least  the  current  rates  of  total  products 
demand  would  seem  to  be  reasonably  assured  until  the  year  2025  or  so.  The  U.A.E.S.  predictions  (14)  on 
which  this  optimistic-looking  statement  rests  are  based  on  a fairly  conservative  view  of  ultimate  total 
crude  oil  resources  and  it  is  also  assumed  that  O.P.E.C.  will  take  steps  to  limit  production  (such  a pro- 
posal was  reported  in  the  London  Financial  Times  in  May,  1978). 

The  question  of  future  levels  of  demand  for  petroleum  products,  which,  evidently,  must  qualify  this 
crude  oil  availability,  requires  some  diplomacy  in  its  discussion  since  there  appear  to  be  two  quite 
different  sets  of  requirements  within  N.A.T.O.  The  E.E.C.  countries  have  reduced  their  aggregate  crude 
oil  intake  by  some  50  million  tonnes  per  annum  since  1973  and  it  is  difficult  to  detect  any  positive 
further  trend  in  demand  over  the  past  three  years.  Since  a major  fraction  (40*)  of  the  E.E.C.  crude  oil 
intake  has  been  used  in  the  past  as  Residual  fuel  oil,  central  government  policy  can  fairly  readily  control 
future  demand  for  this  product,  for  which  there  are  alternative  energy  sources  available  - imported  coal, 
nuclear  power  and  natural  gas.  The  price  mechanism  will  tend  to  reinforce  this  trend.  These  comments 
apply  to  about  one  half  of  the  N.A.T.O.  total  crude  oil  intake.  There  has  also  been  plenty  of  evidence, 
reported  in  the  press,  of  major  new  investment  in  European  refineries  in  new  cracking  plant.  This  suggests 
that  the  oil  companies  expect  the  down  turn  in  Residual  fuel  oil  demand  to  be  permanent,  thus  releasing 
feedstock  for  conversion  to  lower  boiling  range  premium  products.  This  would  tend  co  further  reduce  the 
pressure  of  demand  for  crude. 

The  situation  in  the  U.S.A.  is  rather  different.  The  fact  that  the  major  part  of  the  crude  is  refined 
to  produce  fuels  for  piston  engined  transport  means  that  demand  for  these  is  not  so  easily  susceptible  to 
central  government  control.  Due,  in  some  measure,  to  a long  standing  cheap  fuel  policy  (whereas  European 
gasoline  has  always  had  an  increasingly  high  fiscal  burden  to  carry)  the  U.S.  automobile  has  developed  to 


a typical  engine  capacity  some  four  times  as  great  as  that  of  most  European  cars.  European  gasoline  con- 
sumption per  mile  is  typically  about  l/3rd  of  that  of  the  average  U.S.  automobile  but,  even  if  legislation 
is  enacted  limiting  U.S.  engine  size  thus  cutting  gasoline  consumption  to  something  approaching  European 
levels,  the  effect  of  this  would  take  about  ten  years  to  work  through  the  system  since  this  is  the  repor- 
ted life  span  of  the  average  U.S.  automobile. 

The  current  demand  for  Residual  fuel  oil  in  the  U.S. A.  could  be  associated  with  temporary  shortages 
of  other  fuels,  for  example  the  shortage  of  natural  gas  as  the  result  of  the  long  argument  over  natural 
gas  pricing  and  distribution.  The  demand  for  residual  fuel  oil  may  be  expected  to  subside  when  these 
anomalies  are  rectified. 

5.  THE  PROSPECTS  FOR  PETROLEUM-BASED  AVIATION  FUEL 

Within  the  limits  of  present  N.A.T.O.  crude  oil  demands,  there  would  appear  to  be  significant  amounts 
of  kerosine  fraction  available  in  the  European  refineries  although  some  of  it  may  not  be  suitable  for  pro- 
ducing fuel  to  the  present  Jet  A1  specification  without  further  refinery  treatment. 

There  are  three  aspects  of  the  present  Jet  A1  specifications  which  need  to  be  considered  separately :- 

(1)  the  desirability  of  keeping  within  the  kerosine  boiling  range 

12)  the  extent  to  which  present  limits  of  carbon/hydrogen  ratio  might  be  relaxed 

(3)  the  practicability,  in  aircraft  operating  terms,  of  relaxing  the  Jet  A1  freezing  point  specification. 

The  question  of  the  degree  of  fuel  volatility  required  and  the  effects  of  carbon/hydrogen  ratio  in  ato- 
mized spray  flames  have  only  been  tackled  on  an  enpirical  basis  and  fundamental  information  is  lacking. 

It  is  tempting  to  argue  that  the  weaker  premixed  primary  zones  of  the  latest  generation  of  low  emissions 
conbustor  designs  will  have  a beneficial  effect  here  and  permit  more  difficult  fuels  to  be  burned  cleanly. 
This  ignores  the  possible  importance  of  a rich  primary  zone  in  confering  operational  flexibility,  particu- 
larly in  military  aircraft.  Recent  thinking  (11)  suggests  that  in  primary  zones  stabilized  by  air  jet 
entrainment,  it  is  the  entrainment  appetite  of  the  jets  which  actually  control  the  quantity  of  air  which 
is  fed  into  the  primary  zone  reversal.  This  flow  is  smaller  and  the  resultant  mixture  strength  in  the 
extreme  upstream  region  of  the  flame  is  in  fact  much  richer  than  is  commonly  assumed.  This  would  explain 
the  excellent  operational  stability  of  such  flames  under  such  conditions  as  slam  deceleration  where 
transient  flow  conditions  (11)  could  produce  (as  a step  change)  a two  to  one  reduction  in  mixture  strength. 
For  a premixed,  well-stirred,  primary  zone  designed  for  normal  operation  at  mixture  strengths  on  the  weak 
side  of  stoichiometric  (i.e.  of  the  type  being  considered  for  low  emissions  combustors)  .this  could  produce 
a transient  mixture  strength  beyond  the  weak  limit  for  premixed  kerosine/air  systems  (if*  * 0.45). 

The  background  of  basic  research  in  high  pressure  hydrocarbon/air  flames  is  discussed  in  more  detail 
in  the  succeeding  lecture.  It  is  sufficient  to  note  here  that  the  existing  published  information  was  con- 
cerned initially  with  pure  hydrocarbons  covering  a range  of  carbon/hydrogen  ratios  and  later  with  aviation 
kerosine  to  the  Jet  A1  specification.  The  work  needs  extending  to  higher  boiling  range,  higher  carbon/ 
hydrogen  ratio  liquid  fuels. 

The  discussions  reported  in  (1)  concluded  that  apart  from  the  combustion  considerations  just  described, 
increase  in  fuel  boiling  point  temperature  and  in  carbon/hydrogen  ratio  were  also  likely  to  have  adverse 
effects  in  the  engine  control  system.  It  was  argued  that  the  third  important  property,  freezing  point 
temperature,  was  of  most  concern  to  the  aircraft  fuel  system.  Possible  techniques  for  accomodating  higher 
freezing  points  fuels  are  discussed  in  (12). 

Summarizing  then,  while  there  are  local  supply  difficulties  at  the  moment,  generated  by  the  more 
restricted  and  less  suitable  range  of  crude  oils  which  now  have  to  be  used,  it  should  be  possible  to  con- 
tinue using  aviation  fuel  based  on  straight-run  kerosine,  for  the  short  term  (5  years).  Beyond  this,  a 
good  deal  depends  on  the  direction  taken  by  energy  demand  control  policies.  The  U.S. A.  is  the  major  fuel 
user  here  and  while  the  future  demand  situation  for  the  other  N.A.T.O.  countries  looks  much  less  proble- 
matic, failure  to  control  U.S.  demand  development  could  manufacture  a future  problem  for  the  rest.  The 
N.A.S.A.  move  to  undertake  gas  turbine  and  aircraft  research  and  development  on  the  effects  of  broadening 
the  aviation  fuel  specification  is  welcome,  both  in  its  own  context  and  also  for  the  'spin-off'  which  is 
likely  to  occur  for  diesel  fuelled  marine  and  land-based  gas  turbine  engines. 

It  is  important  however  to  bear  in  mind  the  likely  cost  of  modifying  engines  and  aircraft  (and  re- 
trospectively at  that  for  the  large  existing  civil  fleet)  to  accomodate  the  effects  of  major  changes  in 
fuel  specification.  This  will  have  to  be  compared  with  realistic  estimates  of  the  cost  of  increasing 
aviation  fuel  yield  by  using  the  wide  range  of  conversion  techniques  already  available  in  the  refinery. 

The  other  factor  which  needs  to  be  considered  in  aiming  this  R and  D program  correctly  is  what  kind  of 
fuel,  with  what  conbustion  properties,  must  we  be  able  to  use  in  the  long-term  future  when  petroleum 
resources  are  exhausted. 

6.  LONG-TERM  SOURCES  OF  AVIATION  FUEL 

Liquid  hydrocarbons  might  be  regarded  as  a very  convenient  and  reasonably  safe  way  of  carrying, 
storing  and  using  hydrogen.  In  recent  years,  a great  deal  has  been  written  concerning  liquified  hydrogen 
as  an  aircraft  fuel  for  the  future.  While  the  properties  of  hydrogen  makes  its  combustion  relatively 
Straight-forward  and  free  from  problems,  the  effect  of  the  low  liquid  density  is  such  as  to  require  a 
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somewhat  differently  proportioned  aircraft  from  the  familiar  hydrocarbon  fuelled  ones  and  of  much  larger 
site  for  a given  duty.  The  very  wide  stable  burning  range  and  high  heat  of  coabustion  which  make  hydro- 
gen attractive  as  a fuel  would  also  mayiify  aircraft  safety  problems  to  frightening  proportions  and  it  is 
not  proposed  to  deal  any  further  with  this  option  in  the  present  text. 

All  of  the  sources  of  fossil  carbon  alternative  to  petroleum  require  thermal  degradation  and  hydro- 
genation to  produce  an  acceptable  aircraft  fuel.  The  fossil  fuels  concerned  are  tar  sands,  shale  oil  and 
coal  and  the  author  is  indebted  to  a source  of  expert  information  in  organic  geo-chemistry  (13)  for  the 
following  treatment  of  the  first  two  of  these. 

Tar  sands  consist  of  a mixture  containing  16  to  20%  oil,  the  remainder  being  rock  and  sand.  The  oil 
is  very  different  from  petroleum,  being  much  heavier  because  the  original  geological  containment  has 
reached  the  earth's  surface  and  all  of  the  lighter  hydrocarbon  fractions  have  evaporated.  The  problems 
involved  are  almost  entirely  in  recovery  of  the  oil,  which  can  be  by  heating  or  by  solvent  extraction. 

The  extracted  material  has  an  empirical  formula  of  about  CH^  5 and  approximates  in  properties  to  a petro- 
leum atmospheric  residue.  A previous  N.A.T.O.  study  put  the’proven  and  probable  reserves  of  tar  sands 
(in  Canada)  at  between  15  and  30  x 10P  U.S.  Barrels  of  oil  equivalent.  The  projected  resources  were  put 
at  between  700  and  BOO  x 1CP  U.S.  Barrels  of  oil  equivalent  although  90%  of  this  lies  too  deep  for  surface 
mining. 

The  largest  known  deposit  of  shale  oil  is  at  Green  River  in  Colorado,  U.S. A.  with  other  significant 
amounts  also  in  Brazil,  Canada,  Burma,  U.S.S.R.  and  China  (10).  Projected  resources  are  1800  x ltf*  U.S. 
Barrels  of  oil  equivalent  although  only  some  6%  of  this  is  accessible  and  sufficiently  concentrated  (seams 
over  9m  thick  and  yielding  at  least  136  litres  of  oil  per  tonne  of  rock)  (10)  to  be  commercially  attractive. 
The  shale  oil  (kerogen)  has  properties  which  place  its  behaviour  somewhere  intermediate  between  petroleum 
and  coal,  its  hydrogen  content  being  about  9%  by  weight,  compared  with  about  5%  for  coal  and  13  to  15% 
for  petroleum.  Chemically,  kerogen  is  more  saturated  than  coal,  being  partly  aromatized  and  oxygenated, 
with  bonding  to  inorganic  carbonates  (in  the  rock)  by  long  chain  acid  groups.  The  hydrocarbon  has  to  be 
released  from  these  by  pyrolysis. 

Both  of  the  above  materials  have  question  marks  hanging  over  them  regarding  accessibi  1 i ty  and  diffi- 
culty of  recovery.  The  most  plentiful  and  accessible  other  fossil  fuel  available  to  N.A.T.O.  is  coal. 

Coal  reserves  have  been  classified  into  categories  representing  reserves  known  from  existing  mining 
exploration,  reserves  inferred  from  what  is  known  of  the  less  well  explored  structure  around  existing 
mines  and  other  probable  reserves,  the  magnitude  of  which  is  less  accurately  established  by  other  means. 

Ihe  nunbers  quoted  over  the  past  seventy  years  have  shown  considerable  fluctuations,  depending  on  the 
energy  econoay  climate  of  the  time.  The  figures  quoted  in  Table  6 are  taken  from  (5)  and  are  Intended  to 
show  total  probable  reserves.  Also  shown  are  values  from  the  same  source  for  crude  petroleum  and  natural 
gas.  The  total  N.A.T.O.  reserves  of  hard  coal,  converted  in  heat  energy  terms  to  oil  equivalent  and 
expressed  in  U.S.  Barrels  amounts  to  14  x 10l?  Barrels,  which  is  about  ten  times  the  probable  remaining 
world  reserves  of  crude  petroleum. 

The  question  of  converting  coal  into  liquid  hydrocarbon  fuel  hinges  on  how  this  might  be  done  and 
at  what  rate  of  conversion  - how  much  oil  from  how  much  coal?  There  are,  broadly,  two  types  of  process 
for  doing  this.  In  one  of  them,  typified  by  (14),  the  coal  is  gasified  with  added  oxygen  and  steam  to 
give  a mixture  of  the  approximate  composition  (CO  ♦ 2Hj>).  This  is  then  reacted  over  a catalyst  to  elimi- 
nate one  molecule  of  water  per  molecule  of  CO,  with  the  formation  of  a (paraffinic)  hydrocarbon  struc- 
ture (CH2)n.  The  data  for  this  process,  given  in  (14),  amount  to  a yield  of  1 tonne  of  hydrocarbon 
product  /rom  7 tonnes  of  coal  input,  the  product  being  a range  of  materials  from  light  hydrocarbon  gases 
up  to  fuel  oil.  An  alternative  procedure  Involves  treatment  of  the  coal  with  a liquid  solvent  and  sub- 
sequent thermal  cracking  and  hydrogenation  of  the  extract.  Such  a process,  based  on  the  earlier  work  of 
Berguis,  is  described  in  (15).  This  again  places  coal  requirement  at  a very  similar  level  - about  6 
tonnes  per  tonne  of  hydrocarbon  product.  There  is  a good  deal  of  research  activity  now  In  progress,  par- 
ticularly on  the  solvent  extraction  process,  both  in  the  U.S. A.  and  in  Europe,  most  of  the  published 
papers  coming  from  the  U.S. A.  Typical  of  the  tatter  is  (16)  which  contains  papers  first  presented  at  the 
172  nd  National  Meeting  of  the  American  Chemical  Society  and  deals  with  all  aspects  of  the  process. 

Solvent  refining  of  coal  is  now  achieving  very  high  rates  of  extraction  (90%  has  been  mentioned). 

Single  droplet  conbustion  experiments  have  been  described  (17),  using  a range  of  extracts  produced  by  the 
British  National  Coal  Board.  The  conbustion  behaviour  of  these  extracts,  a pre-ignition  induction  period 
followed  by  a short  period  of  a burning  of  volatile  material  and  then  a final  period  of  burn-out  of  the 
carbonaceous  char  which  is  formed,  has  many  similarities  with  the  burning  of  droplets  of  heavy  residual 
fuel  oil  containing  quantities  of  asphaltenes.  The  residence  times  required  for  the  complete  burn-out 
of  the  solid  residues  of  such  particles  are  at  least  ten  times  as  long  as  the  residence  times  of  typical 
present-day  gas  turbine  conbustors.  Cracking  and  hydrogenation  of  the  solvent  extract  are  therefore  re- 
quired to  give  a fuel  closer  to  the  type  of  composition  currently  used,  in  order  to  avoid  the  formation 
of  large  solid  particulate  residues. 

Unlike  petroleum  based  fuels,  coal  extract  derivatives  are  usually  composed  of  ring  compounds  and 
the  fully  hydrogenated  refined  products  of  thermal  cracking  are  essentially  saturated  bi cyclic  and 
tricyclic  hydrocarbons.  There  is  a good  deal  of  experience  in  the  conbustion  of  hydrogenated  napthalenes 
in  some  early  British  gas  turbine  engines  in  the  1950s.  At  the  low  maximum  cycle  pressures  then  used 
(less  than  B bars),  decahydronaphthalene  could  be  burned  quite  cleanly  and  satisfactorily,  but  tetrahydro- 
naphthalenn  gave  heavy  carbon  formation.  The  effects  of  the  Increases  in  maximum  cycle  pressure  and 
combustor  inlet  temperature  which  have  taken  place  since  this  early  work  require  experimental  examination, 
particularly  to  look  at  the  effects  of  extent  of  hydrogenation  in  more  detail. 

There  remains  however  a potentially  serious  coal  supply  problem.  The  figures  of  six  or  seven  tonnes 
of  coal  per  tonne  of  hydrocarbon  product  cited  above  will  contain  the  coal  requirements  of  hydrogen 
production  reactions  (presumably  the  reaction  of  coal  with  steam  would  also  be  used  to  provide  hydrogen 
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for  the  solvent  extraction  route).  They  will  also  contain  energy  losses  from  the  system  during  process- 
ing. More  recently  developments  In  this  field  have  been  naturally  reticent  (from  a commercial  security 
point  of  view)  about  process  efficiencies  and  yields. 

It  is  possible  to  take  a very  parochial  view  of  the  problem  and  to  consider  these  processes  simply 
as  sources  of  aviation  fuel.  In  this  case,  the  site  of  the  coal  input  and  the  Industrial  Investment  re- 
quired are  still  large,  but  are  of  manageable  proportions.  This  Is  an  unrealistic  view  however  and  coal 
ligulfactlon  Is  certain  to  be  evaluated  as  an  eventual  replacement  for  the  whole  of  the  demand  for  premium 
distillate  petroleum  products.  With  the  U.S.A.  demand  for  these  now  running  at  about  500  x llr  tonnes 
per  year,  there  would  be  a potential  coal  requirement  of  3000  x ltf>  tonnes  per  year,  even  with  hydrocar- 
bon demand  held  at  Its  present  level.  If  this  were  In  addition  to  the  existing  coal  demand  for  other 
users  (currently  upwards  of  550  x 1$  tonnes  per  year),  this  would  present  a formidable  task  to  the  U.S. 
mining  Industry.  Proportional ly  similar  arguments  apply  to  West  Germany  and  the  United  Kingdom,  both  of 
whom  have  established  coal  mining  industries.  In  both  of  these  countries  however,  the  coal  Is  for  the 
most  part  deep-mined  and  this  sort  of  Increase  In  extraction  rate  may  well  be  inpossible,  There  would 
still  remain  the  requirements  of  the  other  N.A.T.O.  countries  who  have  little  or  no  coal  deposits  of 
their  own  and  who  are  now  dependent  on  petroleum. 

An  important  factor  In  these  processes  Is  a supply  of  hydrogen  and  a considerable  reduction  In  coal 
requirement  could  be  brought  about  by  the  provision  of  an  external  source  of  hydrogen,  not  dependent  on 
carbonaceous  fossil  fuels.  We  can  evaluate  the  magnitude  of  this  hydrogen  requirement  approximately,  as 
follows:-  Table  5.44  of  (111)  lists  nine  coals  with  National  Coal  Board  Classification  nunbers  between 
400  and  900,  covering  high  volatile  coking  coals  and  general  purpose  coals.  The  average  dry,  mineral- 
free  composition  of  these  coals  contains  84.44  carbon  and  5.34  hydrogen  by  weight,  giving  an  enpirlcal 
formula  of  CHq  the  balance  of  the  elemental  composition  analysis  comprising  sulphur,  nitrogen  and 
oxygen.  Taking  decahydronaphthalene , empirical  formula  CHj  y as  typifying  the  desired  end  product,  the 
balance  of  hydrogen  required  per  gram  atomic  weight  of  carbon  (12.01  grams)  Is  1.0584  grams  of  hydrogen, 
giving  15.188  grams  of  lully  hydrogenated  end  product. 

Reference  (19)  gives  the  electrochemical  equivalent  of  hydrogen  as  ?6. 59256  amperes  per  gram  at  an 
electrode  voltage  of  2.419  volts,  giving  a power  requirement  of  64.327  watt  hours  per  gram  of  hydrogen 
produced.  This  assumes  an  electrolysis  efficiency  of  1004  and  954  has  already  been  achieved  using 
special  electrolytes . 

These  two  nunbers  combine  to  give  a power  requirement  of  4.48  tii  hours  per  tonne  of  fully  hydro- 
genated liquid  product.  Thus,  for  the  United  Kingdom,  with  a present  consunptlon  of  premium  refined  dis- 
tillate products  of  about  50  x IIP  tonnes  per  year,  replacing  this  by  fully  hydrogenated  coal  extract 
using  an  external  source  of  hydrogen  by  electrolysis  to  provide  the  added  hydrogen  would  require  some 
224  x h*  MW  hours  for  hydrogen  production.  This  Is  very^close  to  the  present  United  Kingdom  annual  rate 
of  electricity  generation,  Tor  1975,  this  was  272.2  x l(r  MW  hours  (5)  from  a total  Installed  capacity 
(public  utility  plus  privately  owned  generators)  of  78.911  GW  (5).  This  gives  an  apparent  plant  utiliza- 
tion factor  of  39.34  although  this  ignores  generating  plant  availability  which  Is  usually  taken  to  be 
in  the  region  of  70  to  754  giving  thus  a utilization  factor  of  about  554.  It  Is  tempting  to  Imagine 
the  present  fossil  fuel  fired  generating  plant  being  replaced  over  the  next  half-century  entirely  by 
nuclear  plant  based  on  fast  breeder  reactors  and  achieving  a maximum  utilization  factor  by  generating 
hydrogen  whenever  the  power  demand  curve  permits. 

Even  if  the  environmental  Issues  Involved  could  somehow  be  circumvented  and  even  give  full  backing 
by  the  government  of  the  day,  this  would  seem  to  be  an  Impossible  target  to  achieve  by  2025  A.D.,  and 
no  doubt  very  similar  arguments  apply  to  the  situation  In  the  U.S.A.  and  West  Germany.  Even  this  argu- 
ment is  based  on  spinning  out  the  available  world  oil  resources  (W0AC)  until  2025  A.U.  or  so,  which  is 
probably  an  extremely  optimistic  view  to  take.  This  treatment  of  the  problem  has  been  based  on  a 
severely  simplified  view  of  the  future  situation  and  In  the  event,  the  slope  of  demand  and  supply  curves 
and  the  Inter-relationships  between  the  quantities  involved  will  be  much  more  complex.  It  should  serve 
however  to  give  us  an  idea  of  the  magnitude  of  the  task.  We  would  seem  to  be  faced  with  an  unavoidable 
need  for  husbanding  of  fuel  resources  and  the  elimination  of  the  less  necessary  uses  of  petroleum. 

7.  CONCLUSIONS 

Addressing  these  strictly  to  the  problem  in  hand,  the  future  supplies  of  aviation  fuels,  we  are 
driven  to  the  following  conclusions :- 

(1)  Collaborative  effort  among  the  N.A.T.O.  countries  could  ease  the  current  local  U.S.A.  problems  In 
the  supply  of  Jet  A1  fuel. 

(2)  The  controlling  factor  In  synthesising  aviation  fuel,  whether  In  the  short  to  medium  term  by  conver- 
sion of  higher  boiling  petroleum  distillates  or  in  the  longer  term  from  other  fossil  fuel  sources,  Is 
likely  to  be  hydrogen  aval  labl  11  ty . 

(3)  There  seems  to  be  no  reasonable  way  In  which  synthetic  fuel  supplies  adequate  to  meet  longer  term 
future  demands  at  even  a modest  rate  of  annual  increment,  can  be  produced  to  cover  the  whole  transport 
fuels  area.  Stricter  control  of  supplies  and  elimination  of  the  less  essential  needs  are  therefore  un- 
avoidable. 

(4)  U.S.  petroleum  demand  Is  still  growing  at  a much  fas  »r  rate  than  that  of  other  N.A.T.O.  countries 
and  control  of  this  at  an  early  date  Is  essential. 

(5)  The  most  positive  contribution  which  conbustlon  research  can  make  towards  the  future  hydrogen  require- 
ment is  to  spell  out,  clearly,  the  relationships  between  hydrocarbon  properties  (conposltton,  type,  and 
volatility),  flame  behaviour  and  conbustor  operational  performance.  It  will  not  be  good  enough  to  do 

this  only  by  means  of  the  older  cut  and  try  empirical  techniques.  A fundamental  understanding  of  the 
interaction  of  fuel  chemistry,  flaw  chemistry  and  fluid  dynamics  of  the  conbustlon  process  Is  essential. 


I 


}•* 


REFERENCES 


1.  J.J  Macfarlane,  A.E  Peat,  A R Seed  and  E.A  Timby,  "Aircraft  fuel  system,  engine  fuel  system  and 
conbustion  aspects  of  possible  long  term  changes  in  the  U.S  A in  aviation  gas  turbine  fuel  compo- 
sition". N.G.T.E.  Memorandum  M 78027  To  be  published 

2.  JP.  Longwell,  “Jet  aviation  hydrocarbon  fuels  technology"  NASA  Conference  Publication  2033,  1978. 

3 “Alternative  fuels  for  aviation".  Hearings  of  the  Comnittee  on  Aeronautical  and  Space  Sciences.  US 
Senate,  27th  and  28th  September,  1976 

4 Sir  Frank  Whittle,  “Early  history  of  the  Whittle  Jet  Propulsion  Gas  Turbine".  First  James  Clayton 
Lecture,  Proceedings  of  the  Institution  of  Mechanical  Engineers  152,  419,  1946 

5.  “The  United  Nations  Statistical  Yearbook".  Published  annually  since  1949. 

6 "Eurostat  Monthly  Energy  Bulletins".  Published  in  three  series  - coal  - hydrocarbons  - electrical 
energy. 

7 “Federal  Energy  Administration  Monthly  Energy  Review"  Single  series  covering  data  on  petmleum, 
petroleum  products,  coal  and  natural  gas. 

8.  K.A.D  Inglis,  “B  P Statistical  Review  of  the  world  oil  industry".  Published  by  The  British  Petro- 
leum Company  Ltd.,  1976. 

9.  J.D  Parent  and  H R Linden,  “A  study  of  potential  world  crude  oil  supplies"  Energy  World,  January, 
1974,  pp  3 to  9 

10  Carroll  L Wilson,  “Energy,  Global  prospects  198S-2000"  Report  of  the  Workshop  on  Alternative  Tnergy 
Strategies.  Published  McGraw  Hill  Book  Company,  1977 

11.  Unpublished  work  at  the  National  Gas  Turbine  Establishment. 

12  A J Pasion  and  I Thomas,  “Preliminary  analysis  of  aircraft  fuel  systems  for  use  with  broadened 
specification  jet  fuels".  NASA  CR  135108,  June,  1977. 

13.  E.J.  Whitehead,  British  Petroleum  Co.  Private  communication. 

14.  “Production  of  aviation  jet  fuel  from  coal".  Staff  Report  prepared  for  the  use  of  the  Committee  on 
Aeronautical  and  Space  Sciences.  United  States  Senate,  June  1st,  1976. 

15.  K.  Gordon,  “The  development  of  coal  hydrogenation  by  Imperial  Chemical  Industries".  Read  before 
The  Institute  of  Fuel,  Nov  22nd,  1935. 

16.  R.  Ellington,  "Liquid  fuels  from  coal".  Published  by  Academic  Press,  1977. 

17.  J.B.  Jordan,  G M Kinber  and  A.  Williams,  "Ignition  of  droplets  of  liquid  fuels,  solvent  extracted 
from  coal*.  Fuel  56,  417,  1977. 

18.  J.W.  Rose  and  J.R.  Cooper,  "Technical  data  on  fuel".  7th  Edition  Distributed  by  Scottish 
Academic  Press. 

19  C.D.  Hodgman,  "Handbook  of  Chemistry  and  Physics".  36th  Edition  Published  by  Chemical  Rubber 
Publishing  Co 

20.  R C.K.  Stevens,  “5-channel  chromatographic  analysis  unit  for  rapid  fuel/air  ratio  measurement" 

NGTE  Note  N.T.  808  Novenber,  1976. 

21.  F.S.E.  Whitcher  and  R.J.  Murrell,  "An  automatic  gas  chromatograph  for  the  model  conbustor  test 
installation"  NGTE  Note  NT  1045,  October,  1976. 

22.  F.H.  Holdemess  and  W.C.  Clifford,  “A  model  conbustor  installation  for  high  inlet  temperature/high 
pressure  experiments".  NGTE  Note  1028,  July,  1976, 

23.  J.J.  Macfarlane,  F.H.  Holdemess  and  F.S.E.  Whitcher,  "Soot  formation  in  premixed  C,  and  C,  hydro- 
carbon/atr  flames  at  pressures  up  to  20  atmospheres".  Combustion  and  Flame  8,  215,  31964. 

24.  J.J.  Macfarlane  and  F.H.  Holdemess,  “Laboratory  studies  of  carbon  formation  in  fuel-rich  flames  at 

high  pressure.  I.  Mech.  E.  Proceedings  J84,  Part  3,  57,  1969-1970. 

25.  F.H.  Holdemess  and  J.J.  Macfarlane,  "Soot  formation  in  rich  kerosine  flames  at  high  pressure  " 

AGARD  Conference  on  atomospheric  pollution.  Paper  no.  125.  9th  to  13th  April,  1973. 

26.  W.C.  Edmister  and  K.K.  Okamoto,  “Applied  hydrocarbon  thermodynamics"  Part  12.  Petroleum  Refiner  38, 

117,  1959.  — 


27.  B.M.  Fabuss  et  al , "Evaluation  of  materials  as  endothermic  aviation  fuels",  WA0D  Technical  Report 
60-841  Part  1 February  1961,  Part  II,  Oecenber,  1961, 


JO 


TABLK I 

I'rcdMiona  of  World  Oil  Maximum  I'roduclioo  Ralco* 


Pnaf#rn»d  vatu*  of  total  tionoal tally  nacovtrabla  nrurvvi 

••00  k JO  lamp  1 1 

C*««  (4) 

C4»»  (b) 

MU  of  addition  to  nurtti 
to  larrali/ytar 

JO  ■ to* 

to  > to* 

Mutaua  rtUi  of  production 
to  larr*lt/day 

(t)  otto  oo  ttatuttoo  of 
production  by  O.P.l.C. 

M > 10* 
to  loot 

44  > 10* 
to  1441 

(1)  »tto  ttatuttoo  of 

proAictton  by  O.P.l.C.  toi- 

45  * to*  limli/fty 

M > 10* 

to  t*a* 

40  * 10*  * 

* 

41  > tO*  to  I4M 

11  « to*  ■ 

54  > to* 
to  toot 

14  > 10*  to  t4*) 

Koto  of  production  to  t4?b 

4b  > to* 

4b  > 10* 

OtU  of  dacltno  of  production 
to  tho  117b  vatu* 

(t)  otto  oo  O.M.C.  production 
ttatt 

tot? 

JOOb 

(?)  attb  0 P.l.C.  ttatt  of:- 

t'  » 10*  tarr»H/day 

40  » 10*  * 

J0I4 

root 

JJ  * to* 

J0J7 

Mil 

fnoa  10.  data  *«ctud*«  naalil  ar*a< 

TABLK  2 

KiKfyv  Ctmauntpfion  before  the  Oil  Oisfa  10'  lonne*  of  Oil  Iquivalent 
Data  Based  on  Unilnl  Nations  Yearbook*  for  |t»M,  1*>70  A l^ft 


Iot«1 

toorjy 

0*c«not  4t 

Avaraap 

Annual 
toe  roan >t 

Coat 

and 

lt|ntla 

Daaanntat 

Avoraa* 

Annual 

Incppaont 

Crudt 

Pa  trot  tun 

Otcannial 

Ay*  rao* 

Annual 

lncr*a*nt 

Natural 

Gift 

n*c*nn1pt 
Ay*  rao* 

Annual 

Incrpaant 

Hydro 

and 

Nut  loir 

tWetrtetty 

M0M.D 

1H9 

1141 

111? 

1J0 

100 

4b 

194b 

W$4 

ISTb 

1141 

bb  i 

41 

1444 

Mb  7 

*4.91 

1404 

*1.09 

14b? 

♦ 1.19 

111 

*4.09 

40 

14JS 

b*(t? 

*4.41 

1414 

♦1 ,19 

144* 

*4.19 

1)41 

♦b.49 

1SS 

N04TH  AM  RtCA 

1*44 

toot 

109 

40? 

?44 

14 

194b 

Mb* 

114 

bb? 

440 

40 

1944 

14if 

o.n 

110 

♦0.19 

b*4 

♦1.19 

49b 

•4.49 

4? 

19JS 

14<V1 

«J.it 

144 

♦1,09 

Ml 

*1.«9 

bbl 

♦ 1.49 

4b 

HiSTIPH  III  POM 

14b4 

Ml 

411 

no 

b .4 

14.? 

194b 

tit 

141 

114 

19.4 

1? 

1944 

?bb 

♦ 1.49 

1 140 

-1.99 

141 

*11.49 

11 

♦1b9 

10 

191b 

uvp 

«i.bt 

JbP 

-1  19 

b 41 

♦b.?9 

1M 

- 

*149 

41 

I 


TABU  3 


Energy  Consumption  for  EEC  Countries  and  the  l)SA  for  the  Period  I *>72  to  1*377. 
I0"  Tonnes  of  Oil  Equivalent 


Netherlands 


Petroleum  Products 
Natural  Gas 
Hard  Coal 


Petroleum  Products 

Natural  Gas 

Hard  Coal 

Other 

Total 


Petroleum  Products 

Natural  Gas 

Hard  Coal 

Otter 

Total 


Petroleum  Products 

Natural  Gas 

Hard  Coal 

Otter 

Total 


Petroleum  Products 

Natural  Gas 

Hard  Coal 

Otter 

Total 


Petroleum  Products 

Natural  Gas 

Hard  Coal 

Otter 

Total 


Average  * 1977- 
Increment  1977 

♦ 1.2*  per  year 

♦ s.a*  * * 

♦ 0.5*  ■ * 

♦ 6.3*  * * 

♦ 1.1*  “ * 


[Total  Ener 


Petroleum  Products 

4.72 

4.85 

5.42 

5.11 

4.91 

Natural  Gas 

- 

- 

- 

- 

- 

Hard  Coal 

0.74 

0.63 

0.60 

0.62 

0.41 

Otter 

0.13 

0.16 

0.19 

0.25 

0.18 

Total 

5. 59 

5.64 

6.21 

5.98 

5.50 

Petroleum  Products 

17.30 

18.15 

17.05 

15.10 

15.08 

Natural  Gas 

- 

- 

- 

- 

- 

Hard  Coal 

1.27 

1.29 

2.22 

2.43 

2.76 

Other 

- 

- 

- 

- 

- 

Total 

18.S7 

19.44 

19.27 

17.53 

17.84 

Petroleum  Products 

686.20 

730.69 

699.35 

683.71 

Natural  Gas 

536.46 

535 . 1 7 

515.12 

474.22 

Hard  Coal 

331.92 

356.69 

354.45 

353.27 

Other 

80.84 

87.89 

102.64 

116.% 

Total 

1635.42 

1710.44 

1671.56 

1628.16 

Ita  from  U.S.  Statistical  Yearbook  1976 

D8R 

235.76 

255.27 

250.29 

231.34 

France 

153.35 

163.51 

160.03 

146.22 

Italy 

112.05 

118.15 

119.18 

117.66 

Netherlands 

51 .39 

56.09 

55.21 

55.27 

Belgium  * luxeefcourg 

44.18 

46.83 

48.32 

42.17 

United  Kingdom 

209.55 

218.29 

212.45 

206.73 

Ireland 

6.99 

7.00 

6.87 

6.78 

Denmark 

19.70 

19.39 

17.58 

18.66 

| United  States  of  America 

1699.36 

1729.42 

1679.45 

1644.69 

Other  ■ Electricity  Generation  by  Hydro-electric,  geothermal  and  nuclear  power 


M 


future  aviatioh  fuels 

FUEL  SUPPLIERS'  VIEWS 

Ey 

A.  Lewis 

B.Sc.  , C.Eng. , F.lnst.P. , M.Inst.F. 

Shell  Research  Ltd.,  Thornton  Hesearch  Centre,  P.O.  Box  1 , Chester  CHI  3SH 


SIM4AHY 


Demand  for  aviation  fuel  in  the  period  before  the  1973  crisis  was  growing  rapidly  with  the  rapid 
growth  of  international  and  national  high  speed  coaunicationa.  It  is  therefore  important  to  consider  not 
only  the  situation  in  the  period  immediately  after  that  crisis,  but  also  the  expected  developments  for  the 
future.  In  this  paper,  developaients  in  the  potential  future  availability  of  aviation  fuels  from  petroleum 
crude  oils,  shale  oils  and  coal  are  reviewed  on  the  basis  of  published  data.  Much  of  the  data  have  been 
derived  froai  atatistica  of  the  Organisation  for  Economic  Co-operation  and  Development  (OECD)  and  the  Workshop 
on  Alternative  Energy  Strategies  (WAES).  In  all  of  the  data  billion  is  taken  as  10$. 
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1.  MARKET  TRENDS 

In  recent  years  there  have  been  many  analyses  of  the  availability  of  fuels  for  aviation  and  just 
as  aany  forecasts  of  future  desumds  and  supplies.  Today,  I am  not  going  to  add  my  own  to  these,  but  merely 
examine  the  different  forecaata  and  draw  out  the  coamon  factors. 

Figure  1 shows  the  demands  for  aviation  fuela  for  the  year  1960-75,  drawn  from  OECD  statistics.' 

The  figures  shown  represent  the  total  aviation  fuel,  i.e.  kerosinea,  wide-range  fuels  and  aviation  gasolines. 
Demand  increaaed  at  a rate  of  about  17*  per  annum  until  (970  but  the  (973  fuel  crisis  resulted  in  reduced 
availability,  increased  price  and  a reduced  demand.  During  the  fuel  crisis,  the  airlines  adopted  many 
techniques  for  fuel  saving  and  these  were  supplemented  by  developments  in  engine  efficiency.  For  example, 
the  US  Dept,  of  Commerce  reported  recently-  that  in  1977  the  United  States  passenger  traffic  reached  190 
billion  passenger  miles,  6*  higher  than  in  1976,  and  an  increase  of  5f  growth  is  expected  yearly  in  the  next 
5 years;  despite  this  growth,  the  scheduled  carriers  consumed  80  million  gallons  less  fuel  in  1976  than 
in  1975. 

Figure  1 shows  the  growth  of  world  scheduled  revenue  traffic  from  1967  to  1977,'  the  figures 
beneath  the  curve  giving  the  percentage  growths  in  that  period. 

International  Air  Transport  Association  (IATAl  forecasts  now  suggest  that  scheduled  passenger 
traffic  will  increase  at  about  8$  per  annum  up  to  1981.  The  impact  of  this  increased  traffic  upon  fuel 
demands  will  undoubtedly  depend  upon  further  developments  in  operational  and  rngine  efficiency,  but  it  is 
unlikely  that  the  same  percentage  improvement  in  these  can  be  expected  progressively  and  some  growth  in 
fuel  demand  should  be  expected.  One  ccmplicating  factor,  however,  is  that  such  growth  will  not  be  uniform 
and  growth  rates  in  Middle  East  and  Far  East  traffic  may  well  be  as  high  as  lk<,  with  fuel  increases  as  high 
as  about  1 0* . 

Beyond  i960  it  needs  a crystal  ball  to  judge  the  likely  developments,  but  a fascinating  attempt 
was  made  in  197**,  by  Prof.  Doxiadia,  to  analyse  the  likely  trends  in  the  patterns  of  human  behaviour  in 
transportation.  He  considered  that,  the  probable  trend  will  be  towards  the  concept  of  Ecumenopolis  - a 
Global  City  - as  the  ultimate  extension  of  the  spread  of  urban  districts.  Thus,  the  present  day  commuting 
in  the  USA  of  distances  of  around  100  miles,  often  by  air  (see  Figure  3,  taken  from  Doxiadis'  paper),  will 
be  extended  and  supplemented  by  more  frequent  long-distance  travel.  The  essential  role  of  air  travel  in 
such  a mode  of  life  ia  obvious  and,  indeed,  the  success  of  supersonic  'planes  on  selected  routes  and  of 
reduced-fhre  transatlantic  flights  is  an  indicator  of  a steady  move  in  this  direction. 

Currently,  aviation  consumes  a relatively  small  proportion  of  the  total  energy  vised  in  trans- 
portation and  of  the  total  petroleum  products.  Figure  I*  shows  the  pattern  for  OECD  for  the  period  I960  to 
1975.  The  growth  in  consumption  of  motor  gasoline,  one  of  the  major  products,  is  already  starting  to 
decrease  and  predictions  suggest  that  growth  will  continue  to  decrease  through  1980  and  that  consumption 
will  then  remain  at  a constant  volume  or  even  decrease.  Before  going  on  to  consider  the  long-term 

availability,  it  is  pertinent  to  consider  the  adequacy  of  supplies  of  aviation  fuel  even  at  the  present  time. 
In  a presentation  to  an  SAK  Aerospace  Engineering  and  Manufacturing  Meeting  in  Los  Angeles  in  197A,  Scott 
El  at  ad  illustrated  seme  of  the  problems  facing  the  USA  refineries  in  two  separate  arena  West  and  East  of  the 
Rockies  (Figures  5 and  6).  These  show  the  dependence  of  turbine  fuel  availability  upon  the  method  of 
operation  of  the  refineries.  For  example,  west  of  the  Rockies,  if  the  refineries  are  operated  to  maximise 
the  production  of  gasoline  or  of  furnace  and  diesel  oils,  there  is  a significant  reduction  in  the  keroaine 
availability,  leading  to  a need  to  import  products  which,  since  some  of  these  are  derived  from  Alaskan 
North  Slope  crudes,  may  be  somewhat  less  attractive  in  quality.  This  interaction  between  the  different 
products  highlights  the  integrated  nature  of  oil  supplies.  I shall  return  to  this  particular  point  later 
in  the  presentation. 

Other  complications  in  the  local  availability  can  be  dictated  by  local  climatic  operating 
conditions.  For  example,  for  many  years  the  fuel  in  main  demand  in  Canada  has  been  the  wide  range  .irk;  one 
reason^for  this  is  the  need  to  start  engines  after  prolonged  idleness  at  temperatures  that  may  be  as  low 
as  -30°C.  The  high  volatility  of  dpi*  has  cause.!  concern  about  safety  and  vapour  loss  in  some  instances  and, 
as  a consequence,  consideration  ia  now  being  given  to  a fuel  that  is  intermediate  in  volatility  between 
keroaine  and  JPk.  Thus,  it  can  be  seen  that  it  becomes  difficult  to  generalixe  worldwide,  both  from  the 
point  of  view  of  local  supply- and -demand  and  from  that  of  local  apecificat  ice*. 
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We  have  seen  hov  the  proportion  of  the  crude  oil  barrel  used  for  aviation  purposes  is  small,  of  the 
order  of  1<%  in  non-American  areas  and  possibly  up  to  T%  in  the  USA  (Figures  7a  and  7b).  The  total  potential 
availability  of  the  keroaine  fraction  in  petroleum  crudes  is,  however,  significantly  higher,  with  much  being 
used  for  domestic  and  industrial  heating,  but  the  total  quantity  of  fuel  will  depend  upon  the  overall 
availability  of  crude  oil. 

2.1  Petroleum  crude  oil 

Estimates  of  ultimately  recoverable  oil  reserves  tend  towards  2000  billion  barrels  (270  billion 
metric  tonnes),  of  which  three  quarters  might  be  outside  the  USSR,  Eastern  Europe  and  China.  In  the  recent 
WAES  survey  this  was  taken  as  a central  figure,  although  higher  and  lower  alternatives  were  also  considered. 
The  rate  at  which  proven  reserves  are  increasing  is  historically  about  18  billion  barrels  per  year  and  in  the 
WAES  study,  assumptions  of  20  billion  barrels  and  10  billion  barrels  were  taken  respectively  for  the  high 
and  low  levels.  Figures  8 and  0 show  the  supply-and-demand  for  oil  under  two  scenarios:  Cl,  in  which 
demand  growth  and  annual  additions  to  reserves  are  relatively  high,  and  D8,  in  which  these  factors  are 
relatively  low.  The  highest  profile  in  each  scenario  assumes  that  production  is  limited  only  by  the 
technical  constraints  of  the  ratio  of  reserves  to  production. 

The  crosses  in  Figures  8 and  9 assume  OPEC  production  limits  of  1*5  and  1*0  million  barrels, 'day 
respectively,  which  might  be  adopted  for  economic  reasons  or  to  conserve  resources.  Assuming  no  production 

limits  by  countries  outside  OPEC,  the  result  is  a plateau  in  world  oil  output  through  the  1090s  before 
technical  limitations  force  the  curves  down  early  next  century. 

The  dotted  curves  in  Figures  8 and  9 show  the  production  resulting  from  a hypothetical  restriction 
of  output  by  some  Arabian  countries  to  little  more  than  present  amounts,  giving  a mean  production  maximum 
by  OPEC  countries  of  33  million  barrels  per  day.  The  result  would  be  a levelling  of  world  oil  production 

in  the  early  1980s  and  a failure  to  meet  projected  demand  much  earlier  than  under  the  other  production 
profile. 

Thus,  if  the  consumption  of  oil  grown  ns  expected,  WAES  conclude  that  at  some  time  during  the  next 
twenty  years  the  supply  of  oil  will  fall  short  of  the  estimated  demand. 

On  the  other  hand,  Udell  and  Rosing'  suggest  that  North  Sea  oil  reserves  have  often  been  under- 
estimated and  that  politics  and  institutions  often  dictate  the  rate  of  production.  They  also  argue  that 
the  annual  rate  of  energy  usage  will  be  diminished  by  the  demand  response  to  higher  enerro  prices  and  by 
deliberate  changes  in  the  structure  of  society.  However,  they  agree  that  by  the  second  quarter  of  the 
21st  century,  cool  could  become  the  single  most  important  energy  source,  given  the  development  of  new 
technologies  on  both  the  supply  and  demand  sides.  They  consider  that,  such  developments  could  largely 
eliminate  the  demand  for  oil  imports  within  Western  Europe.  Indications  of  the  downturn  in  demand  for  oil 
products  are  seen  already  in  the  over-capacity  of  refineries  in  Western  Europe,*’  illustrated  in  Table  1, 
although  this  picture  could  change  with  a resurgence  in  the  eoonaay.  Thus,  as  foreseen  by  V. E.  McNelvey 
of  the  US  Geological  survey,  the  general  picture  of  petroleum  oil  supplies  is  still  that  of  an  eventual 
deficiency  of  supply  over  demand,  the  only  uncertain  factor  is  the  actual  timing.’  There  is  still  a need, 
therefore,  to  examine  the  alternative  sources  of  energy  and  their  potential  in  helping  to  meet  the  demands 
of  the  aviation  market  at  some  time  between  1995  and  2025. 

2.2  Shale  oil 

In  terms  of  heating  yalue,  next  to  coal,  oil  shale  represents  the  most  plentiful  fossil  fuel 
resource  in  the  United  States.1  It  is  composed  of  insoluble  organic  material  (kerogen),  soluble  organic 
material  (bitumen)  and  inorganic  materials.  The  oil  shale  contains  about  80-8s%  mineral  matter  and  about 
15*20%  organic  material,  of  which  about  90%  is  kerogen.  The  kerogen  molecules  have  a molecular  weight  of 
over  3000  and  form  the  continuous  phase  of  a rich  shale  and  act  as  the  cohesive  binder.  Tin s organic 
material  within  the  shale  is  thermally  unstable  and  decomposes  on  heating  to  form  gaseous  and  liquid  products 
and  a coke-like  residue. 

Outside  the  USA,  significant,  amounts  of  oil  shale  are  found  in  Prar.il,  the  USSR  and  China,  with 
smaller  quantities  in  other  countries  such  as  Sweden  and  Scotland.  The  greatest  exploitation  of  oil  shale 
reserves  to  date  has  been  in  the  USA  and  it  is  instructive,  therefore,  to  look  at.  the  achievements  there, 
the  problems  faced  and  the  potential  for  the  future. 

The  kerogen  component  of  oil  shale  is  heavy,  very  viscous  and  cannot  be  pumped  at  ambient 
temperatures.  It  contains  significant  quantities  of  nitrogen  and,  at  times,  some  arsenic;  furthermore, 
it  contains  more  oxygenated  compounds  than  does  crude  petroleum.  Before  the  development  of  the  petroleum 
industry  in  the  USA,  oil  shale  had  been  used  to  produce  oils  and  waxes,  but.  these  early  developments  were 
supplanted  by  the  availability  of  cheaper  petroleum  crude  oils. 

Oil  shales  occur  throughout  the  USA,  the  best  known  (Eocene  Green  River  formation^  covering  on 
area  of  about  17  000  square  miles  and  representing  some  2-1*  trillion  barrels  (0.  3-0. b * lC*1-  raM  of  oil. 
However,  Devonian  deposits  existing  in  the  Eastern  and  Midwestern  ports  are  even  greater  and  underlie  an 
area  of  over  1*00  000  square  miles.  The  different  deposits  are  different  in  character,  the  Western  shales 
yielding  about  25  US  gallons  of  oil  per  ton  of  rock  whilst  the  Devonian  shales  yield  typically  10  or  less 
gallons  per  ton,  although  producing  more  light  hydrocarbon  gases  than  the  Western  shales. 

Surface  retorting  processes  have  been  in  use  for  many  years  at  many  locations  around  the  world 
but  the  bulk  of  rock  to  be  handled  is  an  inevitable  handicap  to  its  economical  larger-scale  exploitation. 

As  a consequence,  considerable  development  effort,  is  now  being  expended  on  in  situ  retorting  and  direct 
hydrogasification,  and  a maximum  worldwide  production  of  about  2 million  barrels  of  oil  in  year  2000  is 
projected,  mainly  in  the  USA. 
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Conversion  of  kerogen  into  liquid  products  it  effected  by  pyrolysis  at  900  F (U8o  C)  or  higher, 
and  the  relative  proportions  of  oil,  gas  and  coke  vary  with  the  pyrolysis  temperature , pressure,  rate  of 
heating,  the  nature  of  the  atmosphere  surrounding  the  oil  shale  and,  to  Borne  extent,  the  organic  content 
of  the  raw  shale.  The  higher-operating  temperatures  produce  more  gas  and  relatively  less  oil,  whereas  high 
pressure  (more  than  500  lbf/in  J reduces  oil  yields  significantly!  however,  oil  produced  at  higher  pressure 
has  a lower  pour  point,  lover  density  and  lower  viscosity  than  oil  produced  at  low  pressure. 

2.3  Coal 


Table  2 shows  the  known  world  energy  reserves  of  coal,  estimated  in  19T',  together  with  potential 
future  reserves.  These  figures  are  expressed  in  billion  tons  of  coal,  convertible  to  billion  tons  of  oil 
equivalent  by  multiplying  by  0.7,  and  from  these  it  will  be  seen  that  the  coal  reserves  are  many  times  the 
potential  oil  reserves.  These  relationships  between  coal  and  oil  reserves  have  been  supported  by  more 
recent  figures.  Compared  to  oil,  gas  and  electricity,  coal  has  been  dirty  and  awkward  to  distribute  and 
use.  Because  of  this,  its  share  in  total  energy  declined  steadily  as  industries  and  private  consumers 
switched  to  more  convenient  and  cleaner  fuels,  leaving  coal,  in  many  countries,  to  supply  little  more  than 
power  stations  and  steel  industries.  The  future  developments  must  then  be  concerned  with  reversing  this 
trend,  substituting  coal  for  oil  and  gas  in  electricity  generation  and  for  process  heating  in  industry, 
possibly  with  direct  conversion  of  coal  into  oil  and  gas.  Unfortunately,  conversion  is  costly,  both  in 
financial  terms  and  in  energy  terms,  so  it  is  essential  to  develop  to  the  maximum  clean  methods  of  handling 
and  burning  coal.  Developments  in  pulverized  coal  firing  and  in  fluidized  beds  are  promising,  as  are 
techniques  for  preparing,  handling  and  firing  suspensions  of  coal  in  oil. 

In  order  to  satisfy  also  environmental  conservation  requirements,  it  will  be  necessary  to  apply 
extensive  washing  and  blending  to  reduce  solids  and  sulphur  components.  Even  so,  there  will  still  need  to 
be  widespread  use  of  flue-gas  cleaning  plants. 

The  large  scale  conversion  of  coal  into  liquid  fuels  has  been  practised  for  many  years.  In 
Germany  and  Japan  during  World  War  II,  processes  based  on  low-hydrogen  consumption  (Pott-Broche  system)  and 
high-hydrogen  consumption  (Bergius  process)  were  used  extensively  to  produce  aviation  and  transportation 
fuels.  The  generalized  flow  sheet  for  such  processes8  is  as  shown  in  Figure  10.  The  low-hydrogen  processes 
are  usually  non-catalytic , operating  at  a low  temperature  (about  750°F,  lt00°C)  and  under  just  enough  pressure 
to  maintain  the  solvent  as  a liquid,  using  mechanical  means  for  separating  the  solvent  and  extract  from  the 
undissolved  coal  particles.  On  the  other  hand,  the  high-hydrogen  processes  are  catalytic,  operating  at  a 
higher  temperature  (800-850°F,  U25-41t5°C)  and  higher  pressures  (up  to  10  000  lbf/in2  Hj).  These  processes, 
especially  the  latter,  are  now  being  developed  to  produce  either  a synthetic  crude  oil  as  a feedstock  to 
conventional  refineries  or  a low-sulphur  distillate  fuel  oil,  and  much  research  is  in  hand  to  prove  the 
feasibility  of  the  processes  and  to  develop  their  economics. 

South  Africa  has  depended  extensively  on  liquid  fuels  derived  from  coal  for  a number  of  years  and 
the  processes  they  follow  are  described  in  some  detail  later  in  the  presentation.  They  have  been  applied 
extensively,  particularly  for  gasoline  and  chemical  feedstock. 

2. It  Tar  sands 

Canada  has  huge  deposits  of  oil,  or  tar  sands  at  Athabasca,  Alberta  and  oil  extraction  from  these 
is  due  to  start  early  this  year^.  These  oil  sands  are  the  world's  richest  and  are  estimated  to  contain 
600  billion  barrels  of  oil.  Because  of  the  cost  of  extraction  they  have  not  been  economic  to  mine  until 
the  oil  price  increases  of  1973.  A syncrude  consortium  was  formed  to  win  the  oil  and  up  to  £b  billion  have 
been  invested  in  plant,  with  an  estimated  future  production  leading  up  to  130  000  barrels  per  day  by  1980. 

The  ratio  of  tar  to  sand  is  12:8k,  U per  cent  being  other  minerals,  and  cracking  of  the  extracted  oil  gives 
two  streams  - naphtha  and  gas  oil  (diesel). 

3.  QUALITY  OF  AVIATION  FUEL  DERIVED  FROM  DIFFERENT  SOURCES 

3. 1 Crude  oil 

Current  aviation  fuel  specifications  are  listed  in  Tables  3a,  3b,  and  3c.  Whilst  early  develop- 
ments of  aircraft  gas  turbine  engines  were  based  on  the  use  of  kerosine  type  fuels,  expected  extension  of 
demands  for  military  emergencies  were  met  by  the  creation  of  the  wide-range  gasoline-type  fuel  embracing 
also  naphtha  components.  Such  fuels  have  been  used  very  effectively  and  satisfactorily  for  many  years, 
for  both  military  and  conmercial  applications.  However,  because  of  concern  about  loss  of  fuel  vapour  and 
about  safety,  especially  during  military  operations,  moves  have  been  introduced  recently  to  replace  the 
wide-range  fuel  by  one  nearer  in  specification  to  kerosine. 

Many  of  the  specification  items  are  concerned  with  engine  or  aircraft  performance  but  are  not  in 
themselves  restrictive  to  supply,  though  requiring  extra  refinery  treatment.  In  a number  of  cases,  however, 
relaxation  of  the  actual  levels  of  particular  properties  could  extend  the  proportion  of  the  crude  oil 
suitable  for  aviation  engines,  especially  if  other  applications  of  petroleum  products  could  be  satisfied  by 
alternative  means.  Figure  11  shovs  typical  distillation  ranges  of  a number  of  conventional  products;  the 
proportion  of  the  crude  oil  barrel  falling  into  the  kerosine  boiling  range  differs  with  the  method  of 
operating  the  refineries:  in  North  America,  where  refinery  operation  is  geared  to  a maximum  production  of 
gasoline,  the  proportion  of  kerosine  is  around  73,  whilst  in  other  areas,  where  a large  production  of  fuel 
oil  has  traditionally  been  called  for,  the  proportion  of  kerosine  has  been  around  U<.  These  kerosines  have, 
of  course,  been  used  also  for  other  purposes,  such  as  domestic  and  lighting,  and  to  secure  them  for  aviation 
purposes  alone  would  demand  alternative  energy  sources  for  these  other  applications.  From  the  type  of 
refinery  operation  in  the  USA,  it  follows  that  there  is  further  scope  for  kerosine  production  in  other  areas 
by  maximizing  the  yield  of  gasoline.  Indeed,  the  trend  outside  the  USA  in  recent  years  has  been  towards 
reducing  fuel  oil  generation,  because  of  reduced  demand  from  industry  for  fuel  oil  (induced  by  economic 
factors  and  energy  conservation)  and  because  it  made  good  financial  common  sense. 
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Within  the  current  keroaine  specifications,  the  suitability  of  aviation  fuels  derived  from  suae 
particular  crude  oils  can  be  limited  by  the  specified  araoatics  contents  or  freezing  points.  Already  the 
aruuatics  contents  of  fuels  frua  certain  crudes  have  exceeded  the  originally  specified  201  and  a relaxation 
to  22%  has  been  accepted;  in  other  cases,  m relaxation  of  free ting  point,  to  -UT°C  instead  of  -50°C,  is 
being  sought.  Arguments  nga.nst  these  relaxations  were  advanced  by  the  engine  manufacturers  and  soar  air- 
lines, although  evidence  has  been  provided  to  demonstrate  that  penalties  are  not  truly  significant.  Further 
extension  of  specifications,  to  incorporate  a wider  range  of  the  crude  oil  barrel,  could  cover  lower  boiling 
material  than  keroaine  or  higher  boiling  material  or  both.  The  limit  in  downward  movement  of  initial  boiling 
point  would  be  set  either  by  the  volatility  of  the  fuel  (with  its  implicit  penalties  of  loss  of  fuel  vapour 

at  altitude  and  of  reduced  flash  point,  with  a need  for  increased  safety  precautions  in  handling)  or  by 

problems  in  combat.  These  have  been  faced  with  JPk  or  Jet  P and  are  widely  known. 


Increases  in  the  final  boiling  point  would  be  accompanied  by  a need  to  adapt  the  combustion  system 
to  avoid  the  emission  of  unburnt  hydrocarbons  or  of  smoke,  by  a raising  of  the  freezing  point  of  the  fuel, 
by  a need,  perhaps,  for  hydrogenation  to  reduce  sulphur  contents  and  possibly,  by  further  additional  refinery 
treatment  to  meet  other  constraining  performance  factors  such  as  thermal  stability.  Hydrogenation  and 
other  refinery  treatments  are  feasible  but  would  be  expensive  and  energy  intensive  and  would  require 
additional  capital  investment. 


Thus,  it  is  feasible  to  extend  the  quantity  of  aviation  fuels  from  crude  oils,  although  at  some 
expense  and  with  impact  upon  the  proportion  of  the  crude  available  for  other  applications.  Inevitably, 
such  redistribution  of  petroleum  in  favour  of  aviation  applications,  representing  only  a relatively  small 
proportion  of  total  demand,  would  necessitate  an  imposed  regulation  or  a financial  inducement  or  both. 


3.2  Fuels  derived  from  shale  oil 


Whilst  shale  oils  have  been  a source  of  gasolines  and  other  products,  only  limited  work  has  been 
carried  out  on  the  specific  derivation  of  aviation  fuels.  This  has  been  sponsored  by  the  US  Air  Force'1-'*'’ 
and  results  of  the  work  to  date  suggest  that  crudes  derived  from  shale  oils  could  form  a suitable  basis  for 
the  production  of  aviation  turbine  fuels.  The  shale  oil  processes  for  the  different  types  of  shale  are 
somewhat  similar  to  one  another;  the  TOSCO  II  process  uses  hot  solids  recirculation  to  provide  the  heat  to 
the  retort,  whilst  the  Union,  Panaho  and  US  Bureau  of  Mines  (USRM)  processes  are  modifications  of  gas 
combustion  retorting  and  depend  on  the  heat  contained  in  the  flue  gases  (from  burning  some  of  the  gases) 
to  separate  the  oil.  In  situ  processes,  such  as  those  developed  by  Garrett  and  the  USHM,  involve  explosives 
to  break  up  the  shale  rock  beds  and  then  partial  combustion  of  the  shale  oil  to  increase  the  bed  temperature 
to  drive  the  oil  to  the  surface.  The  in  situ  techniques  tested  to  date  require  a significant  void 

volume  to  achieve  good  recovery  of  oil  and  thus  will  involve  a fair  amount  of  above-ground  retorting  as  well 
as  disposal  of  spent  shale.  Inevitably,  therefore,  such  processes  will  be  costly  and  will  require 
considerable  large-scale  capital  investment  and  development.  However,  in  the  long-term  interest  of  their 
availability  as  energy  resources  for  aviation  applications,  it  is  essential  also  to  look  at  the  suitability 
of  the  product  produced. 


In  the  US  studies  it  was  concluded  that  satisfactory  jet  fuel,  approaching  current  specifications, 
can  be  produced  by  hydrotreating  shale  oil;  some  reduction  in  fuel  boiling  point  may  be  needed  in  order  to 
meet  the  freezing  point  specifications.  The  raw  shale  oil  has  a very  high  nitrogen  content  (2J)  but  this 
has  been  shown  to  be  capable  of  removal  by  hydrotreating. 


The  recommendations  of  the  studies  suggest  that  the  shale  oil  should  be  topped  to  remove 
action  containing  particulates  and  asphaltenes.  The  600-9001'  ( 3 t5-|*80°C)  fraction  would 
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bottom  fraction  containing  particulates  and  asphaltenes.  The  600-900^  (3'5-|*80°C)  fraction  would  then  be 
processed  through  hydrocracking  or  catalyt ic-cracking.  Before  catalytic  hydrotreating,  a preliminary 
hydroprocessing  step  is  required  to  remove  nitrogen  and  thus  prevent  poisoning  of  the  catalysts;  this 
treatment  will  also  remove  much  of  the  sulphur  and  the  oxygenated  compounds  present.  The  final  products 
will  probably  be  compatible  with  fuels  derived  from  petroleum  crudes,  although  little  checking  of  this 
aspect  has  been  carried  out. 


3.  3 Fuels  derived  from  coal 


3. 3. t General  approaches 


There  are  three  approaches  4 available  for  production  of  liquid  hydrocarbons  from  solid  fuels: 
(1)  gasification-synthesis,  involving  gasification  of  the  coal  to  carbon  monoxide  and  hydrogen,  with 
subsequent  catalytic  synthesis  by  the  Fischer- Tropach  process  to  hydrocarbons  or  alcohols  (methanol  or 
butanol);  (2)  hydrogenation,  involving  the  addition  of  hydrogen,  to  remove  oxygen,  sulphur  and  nitrogen 
and  to  increase  the  H/C  ratio  of  the  coal;  (3)  thermal  cracking/pyrolysis/low-temperature  carboni tat  ion , 
involving  splitting  the  solid  fuel  into  hydrocarbons,  water  and  carbonaceous  residue  by  heat  alone. 


The  coals  found  in  different  geological  deposits  differ  not  only  in  their  ultimate  analysis  - 
percent  carbon  and  hydrogen,  oxygenated  compounds  and  mineral  matter  (ash)  - but  also  in  the  nature  of  the 
carbonaceous  components  - typically  coal,  anthracite  and  graphite.  The  terra  "rank"  is  often  used  to  qualify 
the  type  of  coal,  the  higher  ranks  indicating  higher  percentages  of  carbon  and  lower  percentages  of  hydrogen, 
oxygen  and  volatile  matter.  The  amount  of  oils  and  tars  recoverable  by  lov-temperat ure  carbonization  is 
relatively  constant  in  the  low  rank  coals  but  drops  rather  suddenly  as  the  rank  increases. 


Rank,  however,  is  not  always  indicated  reliably  by  analytical  data  and  a better  parameter  is  the 
reflectance  of  the  coal  constituent,  or  "maceral" , vitrinite  under  reflected  light  of  a microscope. 

Vitrinite  is  the  main  constituent  of  bright  coal,  the  other  macerals  being  exinite  and  inertinite,  Kxinitr 
is  similar  to  kerogen  in  oil  shales  and,  chemically,  has  a highly  naphthenic  structure  with  associated 
aromatic  and  nitrogen-sulphur  heterooyrlic  ring  systems.  It  gives  a low-temperature  oil  yield  of  about 
ItO-SO*. 


Vitrinite  contains  less  hydrogen  and  more  oxygen  than  does  exinite,  whilst  its  carbon  content  is 
slightly  higher.  It  contains  aromatic  and  aliphatic  compounds,  the  percentage  of  hydrogen  in  aromatic 
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configurations  increases  with  rank  from  25-655.  Volatile  matter  in  vitrinite  is  30-405  and  the  low- 
temperature  oil/tar  yield  is  about  12-145. 

Inertinite,  the  last  group,  is  rather  complex,  with  a rather  variable  chooical  composition  and  a 
low  pyrolysis  oil  yield. 

Table  4 shows  the  composition  of  a number  of  liquids  generated  from  selected  coals  on  plants  and 
pilot  plants.  It  will  be  seen  that  the  liquid  yields  are  all  relatively  modest  and  that  furthermore  their 

aromatics  contents  are  fairly  high. 

3.3.2  USA 

In  the  USA,  some  work  has  been  carried  out  on  the  production  of  jet  fuels  from  coal  and  a conclusion 
reached  that  most  of  the  critical  jet  fuel  specifications  can  be  met.  The  specific  gravity  vould  be  higher 
than  specification  but  hydrogeu  content  could  be  raised  to  between  13.5  and  14.05,  thus  making  the  fuels 
better  in  combustion  properties.  There  would  be  some  difficulty  in  meeting  smoke  point  specifications, 
and  perhaps  freezing  point,  whilst  additional  treatment  may  be  required  to  ensure  good  thermal  stability 
and  low  nitrogen  contents. 

3.3.3  South  Africa 

The  SASOL  plant  in  South  Africa  is  now  about  the  only  comnereial  scale  operation  producing  liquid 
fuels  and  this  merits  special  consideration.  The  coal  reserves  on  which  it  is  based  are  extensive  and 
considered  adequate  for  about  100  years,  although  they  are  of  low  grade  with  an  ash  content  of  up  to  305, 

85  moisture  and  235  volatile  matter.  The  plant  is  run  in  two  stages,  the  first  being  a modern  form  of  the 
German  fixed  bed  process,  with  about  605  synthesis  gas;  the  second  stage  Kellog's  entrained  catalyst 
process  is  used  to  process  the  remainder  of  the  synthesis  gas,  with  tail  gas  from  the  first  stage  and 
recycle  gas  frem  the  second. 

In  the  fixed-bed  process,  a kerosine  cut  is  normally  made  but  is  not  sold  as  . urbine  fuel.  Its 
olefin  content  is  high  (25-305)  and  whilst  hydrogenation  could  produce  a stable  fuel,  its  freezing  point 
would  probably  be  too  high.  This  fuel  is,  however,  suitable  for  diesel  fuel  but  is  used  largely  for 
chemical  feedstock. 

Kerosine  from  the  fluidized-bed  process  is  again  not  directly  suitable  as  a turbine  fuel  because  of 
its  high  olefin  content  but  hydrogenation  could  yield  a very  suitable  fuel  high  in  branched  chain  products. 

An  estimate  gives  the  yield  of  jet  fuel  as  about  25-305  of  the  synthesis  products.  Undoubtedly,  most  of  the 
South  African  liquid  fuel  production  from  coal  is  taken  up  by  motor  gasoline. 

The  overall  economics  of  the  SASOL  process  are  not  good  and,  because  of  this,  all  jet  fuel  in 
South  Africa  is  obtained  from  crude  oil. 

3.3.4  United  Kingdom 

Work  by  the  National  Coal  Board  in  the  United  Kingdom  has  been  directed  to  the  digestion  and 
extraction  of  coals  with  anthracene-oil  type  solvents  and  with  supercritical  vapours.  These  approaches  have 
been  shown  to  be  feasible,  although  much  more  development  is  required. 

Early  in  the  1960s,  attention  was  drawn  to  the  high  volumetric  calorific  value  of  hydrocarbon 
fuels  derived  from  creosote  oils,  and  early  USA  work  was  followed  up  in  France  by  the  French  Coal  Research 

organization  (CERCHAR).  Table  5 gives  the  properties  of  a jet  fuel  (produced  by  them  on  a development 

scale)  which,  it  is  believed,  was  tested  on  an  experimental  basis.  This  work  was  not  followed  through, 

however,  because  of  the  low  availability  of  coal  tar  as  a feedstock,  relative  to  crude  petroleum,  and 

because  of  adverse  economics. 

Thus,  most  of  the  technology  for  converting  coal  into  liquid  fuels  already  exists,  although  most 
of  the  application  of  this  technology,  earlier  i-  Germany,  in  the  USA  and  in  South  Africa,  has  been  directed 
towaids  the  motor  fuel  market.  Optimization  of  ocesses  to  produce  turbine  fuels  is  quite  possible, 
although  the  high  nitrogen  contents  of  some  of  the  fuel  produced  can  be  a problem. 

4.  SUMMARY  OF  NON-PETROLEUM  CRUDE  OIL  POTENTIAL 

Undoubtedly  the  potential  availability  of  energy  sources  other  than  petroleum  crudes  is  enormous, 
and  we  have  seen  how  acceptable  aviation  turbine  fuels  can  be  produced  from  shale  oil,  with  suitable 
treatment,  and  also  from  coal.  However,  aviation  is  a highly  international  activity  and  as  such  demands 
availability  of  fuels  world  wide.  The  ABC  world  airways  guide,  for  example,  lists  4000  cities.  They  vary 
greatly  in  their  activities  and  correspondingly  in  their  fuel  throughput,  from  Chicago  with  a throughput  of 
several  million  gallons  per  day  down  to  small  country  airfields  where  daily  throughputs  may  be  as  low  as  a 
few  thousand  gallons.  However,  they  all  have  in  common  a need  for  a fairly  constant  quality  of  fuel,  with 
regular  and  reliable  delivery  to  the  airfield  and  consistent  maintenance  of  quality  at  the  airfield  and 
through  the  delivery  to  the  aircraft.  Already  many  oil  companies  are  involved  in  the  supply  of  petroleum 
based  fuels,  exercising  considerable  care  to  ensure  compatibility  of  their  operations  and  of  their  fuels. 

The  established  fuel  specifications  are  carefully  framed  to  ensure  that  the  composition  and  properties  of 
the  fuel  meet  the  needs  of  the  aircraft,  and  other  papers  in  this  series  will  be  examining  how  these 
specifications  could  be  broadened  to  increase  the  overall  fuel  availability  without  serious  detriment  to  the 
aircraft  and  their  engines.  Increases  in  the  permitted  boiling  points,  in  the  aromatics  contents  and  in 
freezing  points  would  all  lead  to  greater  flexibility  in  the  supply.  Relaxation  of  the  thermal  stability 
requirements  and  in  the  sulphur  limits  might  also  be  beneficial  in  the  long  term. 

Shale  oil  and  coal  sources  are  large  but  are  in  general  localized  and  in  view  of  the  very  large 
capital  investments  required  to  process  these  materials,  there  is  considerable  logic  in  regarding  them  merely 
as  pools  of  additional  crude  oil  supply  rather  than  in  relying  upon  their  suitability  for  individual 
products  - except  in  cases  of  dire  emergency,  when  local  supplies  of  petroleum  crudes  were  not  available. 


The  coat  of  fuel  is  a significant  part  of  the  direct  operating  costs  of  aircraft.  For  example, 
some  reports  suggest  percentages  as  high  as  1*7  (Table  6 and  Figure  12).  Tile  recovery  of  shale  oil  and  of 
coal  both  involve  considerable  site  activity  and  the  likely  costs  of  the  syncrudes  produced  from  them  are 
quoted  in  Table  7. 

As  dependence  for  fuel  supplies  upon  these  sources  increases,  it  is  clear  that  the  average  cost  of 
fuel  must  increase.  Even  if  legislation  were  introduced  to  restrict  the  use  of  petroleum  crudes  to  selected 
priority  areas,  such  as  aviation,  those  applications  obliged  to  consume  syncrude  derived  products  are  all 
likely  to  be  contributory  to  the  whole  of  the  aviation  industry  through  manufacturing,  through  power 
generation  and  through  associated  surface  transportation.  Hence,  overall  fuel  costs  will,  an  the  longer 
term,  tend  towards  a common  base,  independent  of  their  source.  Because  of  the  special  sensitivity  of 
aircraft  and  the  need  for  carefully  handled  and  segregated  products  for  them,  it  is  highly  logical  that  the 
aviation  industry  may  be  required  to  bear  a somewhat  higher  proportion  of  the  overall  cost.  Thus,  the  bad 
news  for  the  aviation  industry  is  that  they  should  not  expect  fuel  prices  to  decrease,  although,  in  turn, 
the  good  news  is  that  longer  term  supplies  should  be  available. 

What  is  the  future  prospect  for  the  industry  therefore?  Already  developsents  in  engine  and 
airframe  technology,  improved  operating  techniques  and  better  route  planning  have  shown  considerable  benefit 
in  fuel  usage.  Future  developments  along  similar  lines  should  continue,  even  though  gains  in  overall  fuel 
economy  con  only  be  expected  to  diminish. 
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Table  5 

Jet  fuel  from  coal  tar  fraction 
(CERCHAR-1962) 


Density,  20°C  0.886 

Net  heat  of  combustion,  Btu/lb  18,330 

Freezing  point,  °C  <-60 

ASTM  distillation,  °C  (max. ) 

10%  195 

20%  20U 

50%  228 

90%  282 

FBP  306 

Flash  point,  °C  (min. ) 53 

Total  sulphur,  %v  0.005 

Total  nitrogen,  %v  <0.05 

Hydrogen  content,  %w  12.7 

H/C  ratio  1.746 

Saturated  hydrocarbons,  %v  89 

Hydro-aromatic  hydrocarbons,  %v  11 
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Table  T 

The  coats  of  alternative  energy 

1976  US  dollar* 
per  barrel  oil 
equivalent 

1 . Thermal  energy 

Indigenous  coal  (USA) 

Imported  coal  (NV  Europe) 

Indigenous  coal  (NV  Europe) 

Nuclear  input  break-even  value 

(the  fuel  input  cost  required  for  fossil- fuelled 


plants  to  produce  electricity  at  the  sane  cost 

as  nuclear  stations)  5-  10 

Lov  Btu  gas  fron  indigenous  coal  (USA)  10-  1$ 

LNO  (liquefied  natural  gas  - high  Btu)  imports 

(Europe,  Japan,  USA)  10-  20+ 

SNG  (synthetic  natural  gas  - high  Btu)  fron 

indigenous  coal  (USA)  20-  30* 

Liquids  from  coal,  oil  sands  or  shale  (N  America)  15-  25 

Liquids  from  imported  coal  (NW  Europe)  25-  35 

Biomass  (crops  grown  for  fuel)  ItO-  50 

Solar  hot  water  (on  site,  35°  latitude)  L0+ 

2.  Electricity  output 

Based  on  conventional  thermal  and  nuclear 

generation  (at  power  station)  1*0-  TO 

Based  on  vind  (1985  estimate,  on  site)  50+ 

Based  on  photovoltaic  solar  ( 1985  estimate,  on 

site)  120+ 


The  costs  (not  prices)  shovn  above  are  all  expressed  in  terms  of  a 
standard  energy  unit  (one  barrel  of  oil  equivalent,  equal  to  5-8  million 
British  thermal  units),  but  their  outputs  vary,  not  only  in  form  (heat  or 
electricity),  but  also  in  terms  of  quality,  location  and  availability.  The 
figures  above  exclude  refining,  storage,  transmission  or  distribution  costs 
and  various  other  factors  that  enter  into  the  decision  process  on  energy 
choice.  The  costs  shovn  can  also  change  considerably  over  time  as  a 
reflection  of,  for  example,  the  differential  inflation  often  affecting  new 
complex  technological  processes  or  the  potential  learning  curve  effect 
involved  with  processes  that  are  at  present  still  in  the  research  or  pilot 
stage. 


It-  5 
6-  10 
8-  15 


-A  a OECD  NORTH 
AMtRICA 


•0 


•oh 


■Oh 


-o 


-0 


jcr 


or 


TP1AI 


1^/8% 


/ 10% 

O EKCL  USSR 

XY"^5%  _/ 


A 

Aii% 


6% 


or  7%  / 

cr 

xr^ 


u% 

xr 


1 I 1 i L 1 i 1 i i i 

67  68  69  TO  71  78  7S  74  75  76  7 7 

YEAR 

FIG  2 - World  scheduled  revenue  traffic  - Total  services  Passengers  + 
baggage  + freight  + mail  ( Reference  3 ) 


FIG  3 — Commuting  fields  of  II  American  cities  in  I960 

( from  Reference  4 ) 
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1.  PREVIOUS  ALTERNATIVE  FUELS  RESEARCH  IN  THE  OLDER  CAN  TYPE  ENGINE  COWUSTORS 

A study  made  recently  of  the  composition  of  fuels  delivered  under  the  Avtur  40  and  Avtur  SO  specifi- 
cations (Jet  A and  Jet  A1 ) in  the  United  Kingdom  shows  that  over  the  ,’S  years  or  so  of  their  Joint  exis- 
tence, the  aromatics  content  was  held  in  range  H to  15S  (well  below  the  specification  limit  of  20t)  until 
very  recently.  This  period  has  seen  the  development  of  the  gas  turbine  from  maximum  operating  pressures 
of  a modest  S or  6 bars  to  values  currently  approaching  JO  bars,  with  a corresponding  increase  in  conbustor 
inlet  ten*>erature  (now  about  ROOPK).  The  tendency  in  empirical  development  of  conbustors  towards  rich 
primary  tones  was  discussed  in  section  5 of  the  previous  lecture.  Carbon  formation  in  the  primary  tones 
of  the  earlier  can- type  conbustors  proved  to  be  very  sensitive  to  aromatics  content,  small  increases  above 
20t  causing  almost  exponential  increase  in  carbon  deposit  formation  and  this  situation  can  be  expected  to 
be  aggravated  by  the  engine  design  changes  which  have  taken  place  since. 

The  major  part  of  the  information  which  has  been  obtained  as  the  result  of  these  twenty-five  years 
or  so  of  empirical  conbustor  development  is  in  the  form  of  the  overall  response  of  the  system  to  fairly 
arbitrary  changes  in  fuel  properties  and  fuel  preparation.  The  quantities  observed  are  such  things  as 
carbon  deposit  formation,  wall  temperature , conbustor  outlet  temperature  distribution,  combustion  effi- 
ciency etc.  This  information. being  peculiar  to  the  particular  individual  combustor  design  on  which  the 
measurements  were  made,  is  (a)  treated  as  company  confidential  “know-how"  and  given  only  very  limited 
publication  and  (b)  is  very  difficult  to  generalize  into  a basic  understanding  of  the  effects  of  the  var- 
ious fuel  and  conbustion  parameters  on  detailed  flame  behaviour.  Measurements  of  fuel/air  ratio  distribu- 
tion profiles  in  the  primary  zone  are  usually  completely  lacking.  The  necessary  techniques  of  primary 
zone  products  sampling  and  on-line  fuel/air  ratio  measurement  by  chemical  analysis  have  only  become 
available  as  a routine  development  tool  in  the  last  five  years  or  so  (?0).  Fast  on-line  primary  zone 
combustion  efficiency  measurement  by  detailed  gas  analysis  (21,  22)  is  still  in  the  research  laboratory 
stage.  Gas  velocity  distribution  measurements  which  can  give  an  understanding  of  mass  flow  rate  distri- 
bution and  flow  pattern  are  also  still  only  a research  laboratory  tool. 

2.  RESEARCH  USING  EXPERIMENTAl  MODEL  COMBUSTORS 

To  avoid  the  difficulties  Inherent  in  using  full  scale  engine  type  conbustors  for  flame  research  to 
throw  son*'  light  on  the  way  In  which  carbon  is  formed  in  gas  turbine  primary  zones,  a research  program 
was  undertaken  (23,  24)  in  small  laboratory  flames  in  which  the  conbustion  parameters  could  be  controlled 
and  their  effects  isolated  in  various  ways. 

Ihe  first  experimental  system  (23)  was  aimed  at  eliminating  droplets  from  the  conbustion  altogether, 
the  fuels  being  fully  pre-vapouri  zed  and  premixed  with  the  conbustion  air  before  injection  into  the  com- 
bustion space.  A spectrum  of  eight  different  Cc,  and  Q,  hydrocarbons  ranging  from  n-pentane  through  to 
benzene  was  chosen  to  study  the  effects  of  a wide*  range  of  fuel  carbon/hydrogen  ratios.  The  burner 
system.  Figure  1,  was  required  to  operate  at  pressures  up  to  20  bars  and  over  a range  of  equivalence 
ratios  from  the  normal  weak  limit  for  hydrocarbon/air  flames  (j-  » 0.4b)  up  to  the  rich  limit  (j-  • 2 ♦ ) . 

The  quenching  diameter  for  hydrocarbon/al r flames  is  extremely  small  at  the  top  end  of  this  pressure 
range  (for  paraffin  hydrocarbons,  0.1b  mm  at  20  bars).  A bundle  of  such  burner  tubes  was  therefore' 
formpd  into  a small  cylindrical  multihole  flat  flame  burner  (12  mm  diameter),  rather  like  a small  Meker 
burner. 

For  each  hydrocarbon,  quantitative  measurements  were  made  of  soot  formation  and  general  flame  com- 
position over  a range  of  equivalence  ratios  at  several  pressure  levels  up  to  20  bars.  The  data  wore  then 
crossplotted  to  produce  a set  of  soot  formation  rate  contours  as  a function  of  pressure  and  equivalence 
ratio  of  the  kind  shown  in  figure  2.  The  word  soot  is  used  heir,  rather  than  carbon.  It  was  observed 

that  beyond  a threshold  equivalent'  ratio  which  was  about  half  the  theoretical  equivalence  ratio  for 

carbon  formation  in  chemical  equilibrium,  unburnt  hydrocarbon  was  produced  in  the  flames.  Depending  on 
the  duration  and  level  of  thermal  stress  to  which  it  was  exposed,  this  hydrocarbon  underwent  a varying 
degree  of  thermal  breakdown.  Conditions  close  to  the  soot  formation  threshold  equivalence  ratio,  with 
high  flame  temperatures,  produced  dry  amorphous  carbon.  At  a given  pressure  condition,  particularly  in 
the  lower  part  of  the  pressure  ranqe,  as  the  flame  was  mail*'  richer,  there  were  iiu teasing  amounts  of 
benzene-soluble  tar  mixed  with  the  carbon  until,  at  very  rich  mixtures,  the  material  was  entirely 
benzenn-soluble.  The  dependence  of  the  degree  of  carbonization  on  flame  temperature  was  further  demon- 
strated by  increasing  the  flanr  temperature  for  a particular  set  of  conbustion  conditions  (a)  by  reducing 
heat  loss  from  the  flame  by  increasing  the  reflectivity  and  insulation  of  the  confining  wail  and  (b)  by 
changing  the  diluent  qas  from  nitrogen  to  argon  (which  has  a smaller  heat  capacity  than  nitrogen). 

Ihe  linear  relationship  between  the  fraction  of  the  original  carbon  in  the  fuel  appearing  as  solid 
carbon  in  the  flame,  and  the  carbon/hydrogen  ratio  of  the  fuel  is  shown  in  Figure  3 (taken  from  24). 

Die  values  plotted  were  all  measured  at  a pressure  of  15  bars  and  equivalence  ratio  ■ 2. 

Tor  experiments  with  aviation  kerosine,  a 75  mn  diameter  cylindrical  model  conbustor  was  designed. 

It  had  a flat  baseplate  with  an  annular  Jet  concentric  with  the  cylindrical  confining  wall  and  only  a 
few  mm  from  it.  From  this,  the  whole  of  the  primary  air,  was  fed  as  a continuous  annular  film,  close  to 
the  conbustor  wall.  Gases  from  the  centre  of  the  flame  were  entrained  on  the  internal  surface  of  the  Jet 
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and  a tight  stable  torroidal  flow  reversal  system  was  produced.  Kerosine  was  either  prevaporized  and 
premtxed  with  the  air  upstream  of  the  discharge  plane  of  the  annular  Jet  or  was  fed  as  a circumferentially 
uniform  flat  sheet  of  spray  from  a rotary  atomizer  placed  In  the  centre  of  the  base  plate.  For  some  later 
work,  a bifluid  acoustic  atomizer  which  also  produced  a flat  concentric  sheet  of  spray  was  also  used 
(Fig.  4).  Under  good  operating  conditions,  the  flame  produced  by  this  flow  system  was  of  substantially 
uniform  composition  and  flame  products  were  sampled  by  means  of  a multihole  cruciform  gas  sampler  placed 
at  a plane  one  diameter  downstream  of  the  base  plate.  The  conbustor  was  operated  over  the  same  range  of 
pressures  and  equivalence  ratios  used  with  the  earlier  premixed  burner  and  the  premlxed  kerosine/air 
flames  showed  very  similar  behaviour  to  the  earlier  small  scale  flames  (Fig.  5). 

Tests  burning  atomized  kerosine  (25)  showed  much  heavier  carbon- format  ion  at  weaker  mixtures  than 
the  threshold  mixture  strength  for  carbon  formation  for  premixed  kerosine/air  flames  (threshold  4 • 1.2) 
and,  at  the  highest  pressures  tested,  carbon  formation  extended  well  on  the  weak  side  of  stoichiometric 
(to  * * 0.8)  (Fig.  6). 

3.  THE  MECHANISM  OF  CARBON  FORMATION  IN  SPRAY  FLAMES 

Droplets  of  kerosine  in  a flame  should  evaporate  at  a liquid  temperature  at  or  near  the  boiling  point 
temperature  appropriate  to  the  antotent  pressure.  Edmister  (26),  on  the  basis  of  experimental  measurements 
of  the  equilibrium  flash  distillation  curves  over  a range  of  pressures  up  to  the  critical  pressure,  for 
gasolines,  kerosines  and  distillate  fuel  oils  from  several  sources  has  devised  an  empirical  correlation 
of  the  data,  which  permits  the  construction  of  the  phase  diagram  for  such  a fuel  given  that  the  ASTM 
distillation  curve,  or  the  true  boiling  distillation  curve  is  known.  For  a typical  aviation  kerosine 
this  method  gives  a critical  temperature  of  about  4 00°C,  at  a critical  pressure  of  23.5  bars.  There  is 
no  reason  why  a kerosine  droplet  should  become  superheated  so  400°C  represents  the  upper  limit  tenperature 
for  evaporation  from  the  liquid  phase.  This  tenperature  is  well  below  the  threshold  for  thermal  cracking 
of  such  hydrocarbons,  even  for  residence  times  of  several  seconds  (27).  Similar  calculations  for  a gas 
oil  (a  Reference  Fuel  8310  in  use  at  one  time  in  the  U.K.)  gives  a critical  temperature  of  473°C  (Critical 
Pressure  23  bars).  This  is  still  on  the  low  side  for  liquid  phase  cracking  which,  according  to  (27)  has 
a threshold  temperature  of  about  55CPC. 

The  marked  effect  of  pressure  apparent  in  Figure  6 in  Increasing  the  degree  of  carbon-formation 
suggests  a mechanism  similar  to  the  one  operating  in  fully  premixed  flames  and  dependent  on  small  scale 
spatial  variations  of  mixture  strength  in  the  flame  as  a consequence  of  poor  mixing  of  air  and  fuel  vapour 
from  the  evaporated  droplets  in  the  pre-flame  region,  due  to  low  turbulence  levels.  It  is  also  possible 
that  ordered  time-wise  fluctuations  of  mixture  strength  might  occur  at  a characteristic  frequency,  con- 
trolled by  vortex  shedding  from  the  air  jet  system  used  in  stabilising  the  primary  flame.  Time-resolved 
measurements  of  flame  properties  would  be  required  for  studying  this  possibility-  For  the  velocities  en- 
countered in  gas  turbine  combustion,  such  techniques  have  just  not  been  developed. 

4.  FUTURE  RESEARCH  USING  MODEL  C0WUST0RS 

The  work  described  in  (23,  24,  25)  has  permitted  some  observations  to  be  made  on  the  problems  of 
rich  flame  chemistry  at  high  pressure.  The  extension  of  this  type  of  technique,  with  a better  understand- 
ing of  the  fluid  dynamic  effects,  could  make  a timely  contribution  to  the  alternative  aviation  fuels  pro- 
gram if  applied  to  a range  of  fuel  types.  Such  a research  program  would  be  very  demanding  in  the  facili- 
ties required  and  in  particular,  would  stretch  observation  techniques  to  the  limit. 
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SUMMARY 

As  the  world  supply  of  petroleum  crude  oil  is  being  depleted,  the  supply  of  high- 
quality  crude  is  also  dwindling.  This  dwindling  supply  is  beginning  to  manifest  itself 
in  the  form  of  crude  oils  containing  higher  percentages  of  aromatic  compounds,  sulphur, 
nitrogen,  and  trace  constituents.  The  result  of  this  trend  is  described  and  the  change 
in  important  crude  oil  characteristics,  as  related  to  aircraft  fuels,  is  discussed.  As 
available  petroleum  is  further  depleted,  the  use  of  synthetic  crude  oils  (i.e.,  those 
derived  from  coal  and  oil  shale)  may  be  required.  The  principal  properties  of  these 
"syncrudes"  and  the  fuels  that  can  be  derived  from  them  are  described  and  discussed.  In 
addition  to  the  changes  in  the  supply  of  crude  oil,  increasing  competition  for  middle- 
distillate  fuels  may  require  that  specifications  be  "broadened"  in  future  fuels.  The 
impact  that  the  resultant  potential  changes  in  fuel  properties  may  have  on  combustion  and 
thermal  stability  characteristics  is  illustrated  and  discussed  in  terms  ignition,  soot 
formation,  carbon  deposition,  flame  radiation,  and  emissions. 


INTRODUCTION 

This  paper  describes  some  of  the  changes  in  fuel  properties  that  may  be  expected  in 
future  hydrocarbon  fuels  for  aircraft  and  discusses  the  effect  that  these  property  changes 
may  have  on  selected  combustion  and  thermal  stability  characteristics  relevant  to  aircraft 
jet  engines.  Many  studies  are  currently  under  way  within  the  United  States  to  predict  the 
future  availability  and  characteristics  of  crude  oils  (1-4)  . Included  in  many  of  these 
studies  is  an  analysis  of  the  processing  required  to  upgrade  low-quality  feedstocks,  such 
as  crude  oils  derived  from  oil  shale  and  coal,  to  the  current  specifications  for  jet  air- 
craft fuels.  Severe  economic  and  energy  consumption  penalties  will  likely  occur  if  these 
low-quality  crudes  must  be  refined  to  current  specifications.  Similarly,  converting 
high-boiling  petroleum  fractions  to  current-specification  jet  fuel,  which  may  be  necessary 
because  of  a shortened  supply  of  middle  distillates,  requires  energy-intensive  hydropro- 
cessing (5) . An  alternative  would  be  to  relax  fuel  specifications  and  thereby  minimize 
the  economic  and  energy  consumption  penalties.  However,  the  relaxed-fuel-specification 
approach  would  require  the  development  of  a new  level  of  engine  and  aircraft  fuel-system 
technology  (6). 

An  assessment  of  the  main  advantages  and  disadvantages  of  these  two  approaches  is 
shown  in  Figure  1.  The  continued  production  of  current-specification  jet  fuel  certainly 
is  the  best  approach  from  the  aircraft  airframe  and  engine  manufacturers'  point  of  view. 
But,  as  already  mentioned,  it  may  be  prohibitive  from  an  economic  and  refining-energy- 
consumption  point  of  view.  Relaxing  the  current  jet- fuel  specifications  would  obviously 
minimize  the  energy  consumption  and  economic  penalties  but  may  be  prohibitive  because  it 
may  require  more  complex  component  technology  and  may  adversely  affect  engine  life. 

The  solution  to  projected  fuel  availability  problems  will  most  likely  be  to  relax 
the  fuel  specifications  to  a point  governed  by  a trade-off  between  the  fuel  cost  and 
refinery  energy  consumption  and  the  cost  and  development  difficulty  of  new  technology  for 
engines  and  aircraft  fuel  systems.  Developing  the  data  base  needed  to  make  this  trade- 
off is  the  primary  objective  of  the  Fuels  Technology  Program  being  conducted  by  the 
National  Aeronautics  and  Space  Administration  (NASA) . Much  of  the  information  presented 
in  this  paper  is  derived  from  this  program.  Other  U.S.  Government  and  aircraft-industry- 
sponsored  programs  also  provided  information  to  this  paper. 

Illustrations  are  used  to  describe  the  changes  in  jet  aircraft  fuel  properties  that 
will  most  probably  occur  if  fuel  specifications  are  relaxed.  The  effect  of  these  prop- 
erties on  certain  combustion  characteristics  is  also  illustrated,  and  possible  variations 
in  fuel  thermal  stability  are  described.  This  is  the  first  part  of  a two-part  lecture 
on  the  characteristics  of  possible  alternative  hydrocarbon  fuels  and  their  effects  on 
future  jet  aircraft.  Reference  7 is  the  second  part  of  the  lecture. 


CHARACTERISTICS  OF  JET-FUEL  FEEDSTOCKS 
Petroleum  Crude  Oil 

The  compositions  of  some  typical  petroleum  crude  oils  from  various  sources  are  shown 
in  Table  I (taken  from  ref.  8).  Selected  data  are  included  in  Table  I for  both  the  total 
crude  and  several  middle-distillate  fractions  from  which  jet  and  diesel  fuels  are  pro- 
duced. The  sulfur  content  of  petroleum  obtained  from  different  sources  varies  consid- 
erably. The  variability  of  the  hydrogen  content  is  significant  in  that  many  of  the  cur- 
rently important  sources  of  petroleum,  such  as  the  Alaskan  crude  from  Prudhoe  Bay,  tend 
to  have  a relatively  high  aromatic  content.  The  nitrogen  content  of  petroleum  is  gen- 
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erally  quite  low.  The  higher-boiling  range  fractions  contain  relatively  more  sulfur  and 
nitrogen  and  less  hydrogen  (a  lower  hydrogen-carbon  ratio,  thus  a higher  aromatic  content) 
than  the  lower-boiling- range  fractions. 


Synthetic  Crude  Oils 

A similar  set  of  data  for  "synthetic"  crude  oils  derived  from  oil  shale  and  coal  are 
shown  in  Table  II  (taken  from  ref.  8).  The  sulfur,  nitrogen,  and  hydrogen  contents  of  the 
shale-derived  crude  oils  are  reasonably  comparable  with  one  another  regardless  of  the 
process  used  to  extract  the  oil  from  the  shale.  The  sulfur,  nitrogen,  and  hydrogen  con- 
tents of  the  coal-derived  syncrude  produced  by  the  Synthoil  process  were  all  lower  than 
those  of  the  shale  oils.  The  higher-boiling-range  fractions  in  the  shale  oils  contain 
considerably  more  nitrogen,  in  the  form  of  organic  nitrogen  compounds,  than  do  the  lower- 
boiling-range  fractions.  The  hydrogen  content  for  both  the  shale  oils  and  coal  syncrude 
is  reduced  significantly  as  the  boiling  range  is  increased.  The  low  hydrogen  content  of 
the  middle-distillate  fractions  in  the  coal  syncrude  is  particularly  significant  because 
of  the  corresponding  high  aromatic  content.  (The  composition  of  the  Synthoil  fractions 
can  vary  considerably  depending  on  the  properties  of  the  coal  feedstock  used  and  the 
process  operating  conditions,  including  the  degree  of  hydrogenation.)  In  addition,  other 
processes  such  as  H-coal  (9)  would  produce  an  oil  with  somewhat  different  properties  from 
the  same  Kentucky  coal  feedstock. 


Comparison  of  Selected  Key  Properties 

Two  of  the  key  crude-oil  properties  that  have  an  important  effect  on  jet-fuel  char- 
acteristics are  compared  in  Figures  2 and  3 for  various  crude-oil  feedstocks.  Figure  2 
compares  the  hydrogen  content  by  weight  percent  of  petroleum  crude,  shale  oil,  and  coal 
syncrudes  derived  from  a variety  of  sources  and  processes.  The  variation  in  shale-oil 
hydrogen  content  is  minimal,  but  the  variation  in  petroleum-crude  hydrogen  content  is 
rather  large,  with  the  lower  end  nearly  at  the  same  level  as  the  shale  oil  and  coal 
syncrude.  This  factor,  is  important  because  the  need  to  upgrade  low-quality  petroleum 
crudes  to  the  same  extent  as  the  shale  oil  and  coal  syncrude  may  impose  an  economic 
penalty  on  refining  current-specif ication  jet  fuel  long  before  any  of  the  "synthetic"  crude 
oils  are  available.  As  mentioned  earlier,  the  hydrogen  content  of  coal  syncrudes  may 
vary  considerably  beyond  that  shown  in  the  figure,  depending  on  the  amount  of  hydrogen 
added  to  the  coal,  which  has  a hydrogen  content  of  about  4 to  5 percent.  Figure  3 com- 
pares the  nitrogen  content  by  weight  percent  of  the  various  crude-oil  feedstocks.  For 
this  property,  both  the  variation  and  the  level  in  petroleum  crude  are  minimal,  but  both 
the  variation  and  the  level  in  shale  oil  are  very  significant.  These  characteristics 
imply  that  upgrading  of  the  crude  to  reduce  nitrogen  content  in  jet  fuels  probably  will 
not  be  needed  until  shale-oil  feedstocks  become  available. 

The  importance  of  the  hydrogen  and  nitrogen  levels  in  fuels  is  discussed  in  detail 
in  the  section  FUEL  PROPERTY  EFFECTS  and  THERMAL  STABILITY. 


CHARACTERISTICS  OF  JET  FUELS 
Current-Specification  Fuels 

Some  of  the  key  characteristics  of  aircraft  hydrocarbon  jet  fuels  are  shown  in 
Table  III,  along  with  their  effect  or  relevance  in  aircraft  propulsion  systems.  The 
American  Society  for  Testing  Materials  (ASTM)  specifications  for  jet  fuels,  including 
Jet  B,  Jet  A and  Jet  A-l,  are  shown  in  Table  IV.  The  average  properties  for  a current 
Jet  A fuel  are  also  shown  in  Table  IV  for  comparison.  In  general,  the  average  property 
values  for  Jet  A fuel  fall  well  within  the  required  maximum  or  minimum  specification 
limits.  Many  of  these  characteristics  are  interrelated  and  can  vary  considerably  with 
changing  base-point  conditions.  For  example,  the  variation  in  heat  of  combustion  with 
specific  gravity  is  illustrated  in  Figure  4.  A significant  decrease  in  heat  of  com- 
bustion by  weight  occurs  as  specific  gravity  (density)  is  increased  over  the  range 
allowable  in  the  specification.  This  decrease  is  somewhat  compensated  for  by  the  increase 
in  the  heat  of  combustion  by  volume  that  occurs  simultaneously.  Since  aircraft  fuel  sys- 
tems are  volume  limited  and  the  aircraft  themselves  are  often  weight  limited,  there  are 
no  significant  range  or  performance  penalties  as  long  as  the  specific  gravity  remains 
within  the  specified  limits. 

The  boiling  range  of  jet  fuels  can  vary  from  about  60°  C for  Jet  B to  about  270°  C 
for  Jet  A.  The  boiling  ranges  of  these  fuels  and  two  other  petroleum  products  are  shown 
in  Figure  5.  The  boiling  range  of  Jet  B fuel  (JP-4)  is  directly  comparable  to  the  boiling 
range  of  gasoline  (also  naptha  for  petrochemicals)  at  the  low  ends  and  to  the  boiling 
range  of  Jet  A (JP-5),  no.  2 diesel  oil,  and  home  heating  oil  at  the  high  end.  The  boil- 
ing range  of  Jet  A fuel  is  primarily  comparable  to  the  high-boiling-range  no.  2 diesel  and 
home  heating  oils.  This  overlap  of  boiling  ranges  can  have  a significant  impact  on  the 
specification  values  if  they  have  to  be  relaxed  to  improve  jet-fuel  availability.  Com- 
plete distillation  curves  for  some  fuels  are  presented  in  Figure  6.  Jet  A and  Jet  A-l 
fuels  are  less  volatile  than  Jet  B and  Avgas,  as  clearly  illustrated  on  this  figure  by  the 
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Another  measure  of  fuel  volatility  is  the  vapor  pressure  characteristics  shown  in 
Figure  7.  The  initial  boiling  point  of  jet  fuels  is  determined  by  the  allowable  limits 
for  flashpoint  (Jet  A)  or  Reid  vapor  pressure  (Jot  B)  shown  in  Table  IV.  The  fuel  vola- 
tility must  be  low  enough  to  prevent  the  formation  of  flammable  vapors  at  ambient  condi- 
tions. Jet  A is  currently  endorsed  for  commercial  aircraft  because  of  its  lower  proba- 
bility of  fire  during  emergency  landings  (10).  Although  low  volatility  is  desirable  for 
safety,  it  adversely  affects  the  ignition  and  altitude  relight  capabilities  of  the  fuel. 

Another  fuel  property  that  is  important  in  determining  fuel  ignition  characteristics 
is  fuel  viscosity.  The  variation  of  viscosity  as  a function  of  fuel  temperature  is  shewn 
in  Figure  9.  The  less  volatile  fuels  are  more  likely  to  encounter  ignition  difficulties 
because  of  their  higher  viscosities.  As  with  vapor  pressure,  the  variation  of  viscosity 
with  temperature  is  an  exponential  effect  and  becomes  much  more  severe  as  temperature  is 
reduced. 

This  discussion  does  not  include  all  the  characteristics  of  current-specification 
fuels.  It  was  intended  only  to  point  out  some  selected  key  fuel  characteristics  and  to 
describe  how  they  vary  within  the  listed  specif ication  limits. 


Frojectcd  Changes  in  Fuel  Properties 

Pet  Imps  one  of  the  most  significant  trends  in  fuel  properties  over  the  last  15  years 
has  been  the  steady  increase  in  the  average  aromatic  content  of  commercial  Jet  A fuel. 

This  trend  is  illustrated  in  Figure  9,  where  it  is  compared  with  the  current  ASTM  Jet  A 
specification  limit.  During  the  emergency  period  1973-74,  limited  quantities  of  highly 
aromatic  jot  fuels  were  used  as  illustrated  in  Figure  9 by  the  22-percent  aromatic  con- 
tent of  Jet  A refined  from  a heavy  Arabian  crude.  An  estimate  for  Jot  A refined  from 
Alaskan  crude  indicates  that  aromatic  content  may  be  as  high  as  25  porcent.  Because  of 
those  recent  trends,  a waiver  limit  of  25-percent  aromatic  content  has  been  set  by  the 
ARTM  for  Jet  A fuel.  The  higher-aromatic-content  petroleum  crude  sources  may  require 
additional  hydroprocessing  at  the  refinery  to  reduce  the  aromatic  content  to  current 
spec i f icat ions . Furthermore,  future  shortages  of  middle  distillates  may  neessitate  the 
conversion  of  higher-boiling-range  petroleum  cuts  to  middlo-distillate  fractions  (5). 

These  "cracked"  fuels  would  have  higher  aromatic  content  and  thus  would  require  additional 
hydroprocessing  to  meet  current  specifications.  A very  simplified  schematic  of  the  type 
of  processing  required  is  shown  in  Figure  10. 

Hydroprocessing  techniques  to  improve  fuel  quality  in  terms  of  hydrogen  and  nitrogen 
content  will  also  be  needed  if  fuels  refined  from  syncrude  feedstocks  must  meet  current 
specifications.  The  amount  of  hydrogen  that  would  be  consumed  to  raise  a coal-syncrude 
hydrogen  content  from  12.5  porcent  to  13.5  percent  would  bo  100  cubic  meters  per  cubic 
meter  of  oil,  as  illustrated  in  Figure  11  Also  shown  in  the  figure  is  the  amount  of  hy- 
drogen that  would  bo  consumed  to  reduce  the  nitrogen  content  of  a shale-oil  syncrude. 

These  large  amounts  of  hydrogen  would  likely  cause  both  economic  and  energy  consumption 
penalties  at  the  refinery. 

The  increasing  trond  toward  higher-aromatic-content  fuels,  regardless  of  the  crude 
source,  will  result  in  straight-distillation  fuels  with  lower  hydrogen  content.  The  re- 
lation botween  hydrogon  and  aromatic  contents  is  shown  in  Figure  12.  At  the  currently 
specified  aromatic  content  of  20  porcent,  the  hydrogen  content  can  vary  between  approxi- 
mately 13.2  and  14.2  porcent  by  weight.  Within  the  band  shown,  the  decrease  in  hydrogen 
content  is  generally  a linear  function  with  increasing  aromatic  content.  An  adverse 
effect  of  reduced  hydrogon  content  is  illustrated  in  Figure  13,  where  heat  of  combustion 
by  weight  is  plotted  as  a function  of  hydrogen  content.  This  effect  is  related  to  the 
effect  of  specific  gravity  shown  in  Figure  4 since  reductions  in  hydrogen  content  result 
in  proportionate  increases  in  specific  gravity.  Substantial  reductions  in  the  heat  of 
combustion  occur  with  decreasing  fuel  hydrogen  content.  As  an  example,  a reduction  of 
approximately  1000  kilojoules  per  kilogram  results  when  hydrogen  content  is  reduced  from 
14  to  12  percent  by  weight. 

In  Figure  5 it  is  shown  that  Jet  A fuel  has  a relatively  narrow  boiling  range,  with  a 
fin. 1 boiling  point  of  approximately  270°  C,  which  is  necessary  to  comply  with  limits  on 
the  freezing  point.  The  relation  between  freezing  point  and  final  boiling  point  is  illus- 
trated in  Figure  14.  The  freezing  point  of  a fuel  is  generally  defined  as  the  temperature 
at  which  wax  components  in  the  fuel  begin  to  solidify.  As  shown  in  Figure  14,  tie  freezing 
point  is  quite  sensitive  to  variations  in  final  boiling  point. 

The  foregoing  discussion  considered  only  those  fuel  properties  that  are  most  likely 
to  change.  Potential  increases  in  petroleum-crude  aromatic  content  will  result  in  de- 
creased fuel  hydrogen  content  unless  additional  hydrotreating  is  done  at  the  refinery. 
Additional  hydrotreating  will  surely  be  needed  to  reduce  the  nitrogen  contont  and  to  in- 
crease the  hydrogon  content  of  fuels  refined  from  oil  shale  and  coal  syncrudes  if  they 
are  to  meet  current  jet-fuel  specifications.  Hydrocracking  will  also  be  required  to  con- 
vert highor-boiling-range  fractions  to  the  boiling  range  and  composition  of  current- 
specification  Jot  fuels.  Those  projected  needs  for  additional  hydrotreating  will  surely 
increase  the  cost  of  future-specification  fuels  and  energy  consumption  required  to  refine 
them.  Therefore,  some  relaxation  of  the  current  specifications  may  be  needed  to  minimize 
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the  adverse  impact  on  cost  and  energy  consumption.  Several  of  the  major  fuel  properties 

that  could  be  affected  by  such  a relaxation  are  shown  in  Table  V.  The  values  in  the  » 

table  are  levels  that  have  been  suggested  (11) , as  being  reasonable  for  setting  the  possi- 
ble limits  of  a candidate  "broad-specification"  fuel. 


Measurement  Techniques 

As  was  pointed  out  in  the  preceding  discussion,  an  accurate  knowledge  of  the  level  of 
certain  critical  fuel  properties  is  needed  to  evaluate  the  level  of  other  dependent  prop- 
erties. The  current  methods  for  measuring  several  key  fuel  characteristics  are  shown  in 
Table  VI  and  are  also  compared  with  test  methods  that  may  be  required  for  future  fuels. 

It  may  be  necessary  to  modify  or  replace  current  laboratory  test  methods  for  fuels  with 
broadened  specif ications  because  test  results  using  certain  methods  may  be  unacceptable 
when  fuel  property  values  exceed  the  range  of  sensitivity  of  current  methods.  Since 
hydrogen  content  is  one  of  the  key  fuel  properties,  a direct  measurement  of  hydrogen  con- 
tent should  be  made  by  using  a technique  such  as  nuclear  magnetic  resonance  (NMR)  . Also, 
the  hydrocarbon  composition  may  be  needed  to  determine  its  effect,  if  any,  on  combustion 
and  thermal  stability  characteristics.  Gas  chromotography  - mass  spectrometry  (GCMS)  is 
a likely  candidate  for  hydrocarbon  analysis.  New  techniques  to  measure  volatility,  fluid- 
ity, and  thermal  stability  will  also  be  valuable  to  more  accurately  determine  the  vola- 
tility of  high-boiling-range  fuel,  correlations  between  freeze  point  and  pumpability, 
and  correlations  between  fuel  deposition  and  engine  life.  Finally,  techniques  such  as 
the  Kjeldahl  method  will  be  needed  for  measuring  the  nitrogen  content  of  future  syncrude- 
derived  fuels. 


FUEL  PROPERTY  EFFECTS 

The  preceding  sections  of  this  paper  described  and  discussed  fuel  properties  that  are 
most  likely  to  change  in  future  broad-specification  fuels.  In  this  section,  the  effect  of 
varying  these  properties  on  the  combustion  and  thermal  oxidation  characteristics  of  future 
fuels  is  considered. 


Flame  Characteristics 

The  fuel  property  that  has  the  largest  effect  on  the  characteristics  of  the  flame 
within  a gas-turbine  combustor  is  the  hydrogen  content  of  the  fuel.  It  affects  soot  for- 
mation, carbon  deposition,  flame  temperature,  and  total  flame  radiation.  The  effect  of 
hydrogen  content  on  soot  formation  is  shown  in  Figure  15  (taken  from  ref.  12) , where  the 
soot  concentration  is  shown  to  increase  markedly  with  decreasing  hydrogen  content.  These 
results  were  obtained  by  collecting  soot  samples  from  the  primary  zone  of  an  experimental 
atmospheric  burner  at  near-stoichiometric  conditions  for  blends  of  benzene  and  n-heptane. 

The  tendency  to  form  soot  is  a function  not  only  of  hydrogen  content  but  also  of  combustor 
inlet  pressure  and  temperature  and  primary-zone  equivalence  ratio.  The  results  shown  in 
Figure  15  were  obtained  in  a very  carefully  controlled  experiment  and  may  not  be  typical 
of  the  actual  characteristics  that  would  occur  in  a gas-turbine  combustor.  Soot  forma- 
tion rate  can  also  be  affected  by  the  atomization  quality  and  vaporization  rate  of  the 
fuel  being  injected  into  the  flame  zone.  Both  volatility  and  viscosity  can  affect  these 
processes.  The  calculated  effect  of  fuel  viscosity  on  drop-size  distribution  of  a typical 
fixed-orifice  fuel  nozzle  is  illustrated  in  Figure  16  (taken  from  ref.  13). 

The  effect  of  hydrogen  content  on  carbon  deposition  characteristics  is  illustrated  in 
Figure  17  (taken  from  ref.  14).  Also  included  in  this  figure  is  the  effect  of  volatility. 
Figure  17(a)  shows  the  effect  of  hydrogen  content  (hydrogen-carbon  weight  ratio)  and  vol- 
atility (volumetric  average  boiling  temperature)  on  a correlating  parameter,  the  NACA  K 
factor.  The  effect  of  NACA  K factor  on  average  carbon  deposition  in  a single-can  com- 
bustor operating  for  4 hours  at  a pressure  of  about  2 atmospheres,  an  inlet  temperature 
of  130°  C,  and  a fuel-air  ratio  of  0.0123  is  illustrated  in  Figure  17(b).  Both  increases  in 
boiling  temperature  and  decreases  in  hydrogen  content  resulted  in  increases  in  the  NACA 
K factor  (Fig.  17(a))  and,  therefore,  increases  in  the  average  carbon  deposition  (Fig. 
17(b)).  The  fuel  properties  were  varied  by  "doping"  a MIL  specification  fuel  to  get  the 
desired  characteristics.  The  carbon  deposition  results  shown  in  Figure  17(b)  were  ob- 
tained in  a single-can  combustor  operating  at  relatively  low  inlet  temperature  and  pres- 
sure and  are  not  necessarily  typical  of  advanced  high-pressure-ratio,  gas-turbine-engine 
combustors.  Fuel  injector  characteristics  can  also  affect  these  relations;  hence  fuel 
viscosity  is  also  an  important  fuel  property  when  evaluating  carbon  deposition  character- 
istics. 

Figure  18  shows  the  calculated  effect  of  hydrogen  content  on  maximum  flame  temper- 
ature within  a combustor  at  simulated  takeoff  and  cruise  conditions  (ref.  15) . This  in- 
creasing flame  temperature  characteristic  with  decreasing  hydrogen  content  can  have  sev- 
eral adverse  effects  within  an  aircraft  engine  combustor.  Both  the  rate  of  oxides-of- 
nitrogen  (NOx)  formation  and  the  total  flame  radiation  energy  would  increase.  A more 
dramatic  impact  of  hydrogen  content  on  flame  radiation  is  shown  in  Figure  19  (taken  from 
ref.  16) , where  total  radiant  energy  is  plotted  as  a function  of  combustion  pressure  and 
fuel  hydrogen  content.  Two  distinct  characteristics  are  observable:  (1)  total  radiant 
energy  increases  dramatically  as  the  hydrogen  content  of  the  fuel  is  decreased  at  a con- 
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stant  combustion  pressure;  and  (2)  total  radiant  energy  increases  significantly  as 
combustion  pressure  is  increased  at  a constant  fuel  hydrogen  content.  Reducing  hydro- 
gen content  or  increasing  pressure  both  increase  soot  concentrations  and  thus  increase 
flame  luminosity. 


Emission  Characteristics 

The  effect  of  fuel  properties  on  the  formation  of  pollutants  manifests  itself  in 
both  soot  (particulate)  and  gaseous  emissions.  The  effect  of  hydrogen  content  on  the 
smoke  emissions  of  a single-can  combustor  is  shown  in  Figure  20  (taken  from  ref.  15). 

Over  the  range  of  hydrogen  content  tested,  a nearly  twofold  difference  in  smoke  number 
was  measured.  The  effect  of  hydrogen  content  on  the  N0X  emissions  of  this  combustor  is 
shown  in  Figure  21  (also  taken  from  ref.  15) . The  increase  in  NOx  emissions  noted  is 
attributed  to  the  increase  in  maximum  flame  temperature  that  was  illustrated  in  Fig- 
ure 18.  The  combined  effect  of  hydrogen  content  and  fuel  volatility  on  the  formation  of 
total  unburned  hydrocarbon  (HC)  and  carbon  monoxide  (CO)  emissions  in  a single-can  com- 
bustor is  shown  in  Figure  22  (taken  from  ref.  17) . The  largest  effect  is  at  the  low- 
power  operating  conditions,  where  low  pressure,  temperature,  and  fuel-air  ratio  are  all 
conducive  to  poor  combustion  efficiency  and,  hence,  high  CO  and  HC  emission  levels.  Re- 
ducing fuel  volatility  and  hydrogen  content  (i.e.,  going  from  a Jet  B (JP-4)  to  a no.  2 
diesel  fuel  (DF-2) ) resulted  in  a more  than  twofold  increase  in  HC  emissions  and  a 50- 
percent  increase  in  CO  emissions  at  the  lowest  power  condition  (idle) . The  increases  in 
the  CO  and  HC  emissions  are  most  likely  the  result  of  poor  fuel  atomization  and  vaporiza- 
tion characteristics. 

One  other  fuel  property  that  affects  the  formation  of  pollutant  emissions  is  shown 
in  Figure  23  (taken  from  ref.  18) , where  the  NOx  emissions  of  a single-can  combustor  are 
plotted  as  a function  of  fuel-bound-nitrogen  content  for  various  simulated  engine  oper- 
ating conditions.  At  all  operating  conditions,  increasing  fuel-bound  nitrogen  resulted 
in  substantial  increases  in  the  NOx  emissions.  These  increases  are  caused  by  the  con- 
version of  fuel-bound  nitrogen  to  nitric  oxide.  The  conversion  rate  for  this  process  can 
vary  from  about  50  percent  to  100  percent,  depending  on  combustion  geometry  and  operating 
conditions. 


Ignition  Characteristics 

Two  fuel  properties  that  have  a significant  effect  on  the  ignition  characteristics 
of  a fuel  are  volatility  and  viscosity.  Viscosity  plays  an  important  role  in  determining 
the  effectiveness  of  a fuel  injector  in  atomizing  the  fuel  into  small,  easily  ignitable 
droplets.  (Fig.  16.)  The  ignition  limits  of  several  fuels  are  plotted  as  a function  of 
combustor  primary-zone  equivalence  ratio  in  Figure  24  (taken  from  ref.  17).  Significantly 
higher  primary-zone  equivalence  ratios  (higher  injector  fuel  flows)  were  needed  to 
successfully  ignite  the  higher-boiling-range  fuels  than  to  ignite  the  lower-boiling-range, 
more  volatile  JP-4  fuel.  For  the  operating  conditions  chosen  for  these  tests,  no.  2 
diesel  fuel  (DF-2)  could  not  be  ignited  without  adding  a blending  fuel  (10-percent  pen- 
tane). One  other  characteristic  shown  in  this  figure  is  also  worth  mentioning:  For  any 
given  fuel,  the  time  to  start  can  be  dramatically  affected  by  the  flow  rate  through  the 
injector,  as  indicated  by  variations  in  primary-zone  equivalence  ratio.  The  injector 
spray  pattern  can  be  severely  distorted  at  low  fuel  flow  rates  (low  nozzle  pressure  drop) 
especially  for  the  more  viscous  fuels. 

Throughout  the  foregoing  discussion,  the  effects  of  selected  fuel  properties  on  com- 
bustion and  emission  characteristics  were  described.  It  was  pointed  out  that  several 
fuel  properties  may  combine  to  produce  a particular  adverse  effect  and  that  it  is  not  al- 
ways clear  which  property  is  the  predominant  factor.  Nonetheless,  certain  trends  can 
be  attributed  to  particular  fuel  properties  and,  therefore,  changes  in  these  properties 
in  future  fuels  will  cause  results  similar  to  those  that  were  illustrated.  Therefore,  if 
fuel  properties  change  in  accordance  with  the  proposed  broad-specif ieation  fuel  described 
in  the  preceding  section  of  this  paper,  we  can  expect  to  be  faced  with  the  need  to  evolve 
advanced  technology  to  minimize  the  adverse  impacts  on  combustion,  emission,  and  ignition 
that  have  been  discussed. 


THERMAL  STABILITY 

Aircraft  jet  fuels  must  be  stable  at  the  temperatures  that  they  will  encounter  in  the 
fuel  system.  No  gums  or  deposits  should  occur  on  heated  surfaces  such  as  heat-exchanger 
tubes  and  no  cracking  or  particulate  formation  should  occur  that  could  clog  small  passages 
such  as  those  in  fuel  nozzles.  Laboratory  tests  that  have  been  developed  to  check  on  this 
particular  fuel  behavior  subject  the  fuel  to  a thermal  stress  in  a test  rig  such  as  that 
shown  schematically  in  Figure  25.  A small  tube  is  heated  electrically  to  the  test  tem- 
perature. The  fuel  flows  up  through  an  annulus  surrounding  this  heated  surface  and  out 
through  a test  filter.  During  this  procedure,  any  tendency  of  the  fuel  to  form  partic- 
ulates large  enough  to  block  the  test  filter  can  be  noted  by  a buildup  of  pressure  drop 
across  the  filter.  At  the  same  time,  deposits  may  also  form  on  the  heated  tube.  Any 
chemical  changes  bringing  about  the  fuel  instabilities  should  occur  at  an  increased  rate 


as  the  fuel  temperature  is  increased.  In  general,  either  the  pressure  drop  across 
this  test  filter  increases  at  a faster  rate  or  the  indicated  deposits  on  the  tube  build 
up  at  a faster  rate,  as  the  test  temperature  is  increased.  Thus,  one  way  of  comparing 
the  thermal  stabilities  of  fuels  is  to  determine  the  maximum  temperature  of  the  heated 
tube  before  the  test  exceeds  certain  specified  limits  of  pressure  drop  or  tube  deposit 
buildup.  This  temperature  is  then  referred  to  as  the  "breakpoint  temperature. " 

Breakpoint  temperatures  for  a number  of  oil-shale-  and  coal-derived  fuels  were 
determined  by  using  the  test  apparatus  shown  in  Figure  25  (taken  from  ref.  19) . The  re- 
sults are  shown  in  Figures  26  and  27,  where  the  breakpoint  temperatures  were  deter- 
mined from  tube  deposit  buildup,  which  turned  out  to  be  the  limiting  factor.  Figure  26 
shows  the  effect  of  fuel-bound-nitrogen  content  on  breakpoint  temperature  for  several 
oil-shale-derived  fuels.  The  variation  in  fuel-bound-nitrogen  content  was  controlled 
by  hydrotreating  the  fuels  to  different  degrees  of  severity.  The  effect  of  the  fuel- 
bound-nitrogen  content  is  significant,  and  these  data  indicate  that  nitrogen  content 
in  excess  of  0.01  percent  by  weight  would  reduce  the  breakpoint  temperature  to  levels 
below  the  minimum  allowable  for  current  Jet  A fuel.  Therefore,  crude  oils  with  high 
fuel-bound-nitrogen  content  would  have  to  be  hydrotreated  to  meet  current  fuel  specifi- 
cations. Although  it  is  known  that  fuel-bound  nitrogen  is  a factor  contributing  to  the 
instability  of  fuels,  it  is  not  possible  to  determine  if  it  is  solely  responsible  for 
the  stability  difference  shown  in  Figure  26. 

Figure  27  shows  the  breakpoint  temperature  for  some  coal-derived  fuels  as  a function 
of  the  weight  percentage  of  hydrogen.  The  fuel-bound  nitrogen  in  all  the  fuels  was 
6 ppm  or  less.  In  this  case,  a general  trend  was  to  higher  breakpoint  temperatures  as 
the  hydrogen  content  was  increased:  A 260°  C breakpoint  generally  required  at  least 
13-percent  hydrogen  content.  Typical  Jet  A,  which  has  a hydrogen  content  of  about  13.5 
to  14  percent,  must  have  a breakpoint  temperature  greater  than  260°  C. 

Another  factor  that  affects  breakpoint  temperature  is  the  final  boiling  point  of  jet 
fuels.  Figure  28  shows  the  decreasing  trend  that  breakpoint  temperature  follows  for 
fuels  from  two  different  syncrudes  as  the  final  boiling  point  of  the  fuels  is  increased. 
The  difference  in  level  between  the  two  curves  is  most  likely  caused  by  differences  in 
hydrogen  and  fuel-bound-nitrogen  content.  Figures  26  to  28  present  some  of  the  early 
stability  data  available  on  turbine  fuels  from  synthetic  sources  and  indicate  the  general 
severity  of  the  refining  processing  that  would  be  required  to  produce  synthetic  fuels 
with  stabilities  comparable  to  those  of  current  jet  fuels. 


CONCLUDING  REMARKS 

The  available  sources  of  petroleum  crude  oil  that  are  used  to  produce  aircraft  engine 
jet  fuel  h -en  slowly  undergoing  changes  in  several  critical  properties.  Foremost 

among  thes  .ages  is  the  slow  average  increase  in  the  content  of  aromatic  compounds 

and  several  rather  large  increases  in  these  compounds  that  have  recently  occurred  or 
are  projected  to  occur  (e.g.,  in  Alaskan  crude  oil).  These  large  increases  in  aromatic 
content  have  led  to  considerable  concern  regarding  the  hydrogen  content  in  jet  fuels 
derived  from  these  crude-oil  sources.  Making  up  for  future  shortages  of  middle- 
distillate  fractions  by  "cracking”  higher-boiling-range  petroleum  fractions  would  also 
result  in  higher-aromatic-content  jet  fuels  unless  hydroprocessing  were  used  to  upgrade 
these  fuels  to  current-specifications.  in  addition,  initial  evaluations  of  the  character- 
istics of  jet  fuels  that  could  be  refined  from  syncrudes  obtained  from  oil  shale  and  coal 
have  shown  that  considerable  hydrotreating  will  be  needed  to  upgrade  the  hydrogen  content 
of  these  fuels  to  satisfy  current  specifications.  Along  with  these  concerns  about  hydro- 
gen content,  indications  are  that  variations  in  fuel- bound-nitrogen  content,  boiling 
range,  freezing  point,  and  trace  constituents  may  all  be  encountered  in  future  fuels, 
especially  in  those  derived  from  syncrudes.  In  this  paper,  the  effect  of  varying  all  the 
aforementioned  fuel  properties  on  the  combustion  and  thermal  stability  characteristics 
of  a fuel  were  described  and  discussed.  A knowledge  of  how  severe  the  effects  of  varia- 
tions in  hydrogen  content,  fuel-bound-nitrogen  content,  and  boiling  range  are  on  such 
combustion  phenomena  as  soot  and  carbon  formation,  emissions,  and  ignition,  is  going  to 
be  needed.  The  severity  of  these  related  effects  will  be  an  important  consideration  in 
determining  the  tradeoff  between  the  cost  and  energy  consumption  needed  at  the  refinery 
to  produce  current-specification  fuel  and  the  cost  of  developing  new  engine  combustion 
chambers  that  can  use  broaden- specif ication  fuel. 

To  provide  a common  basis  for  obtaining  the  data  needed  for  this  tradeoff,  a speci- 
fication for  a reference-type  fuel  was  developed  at  a workshop  conducted  at  the  NASA 
Lewis  Research  Center  (11) . The  proposed  specifications  for  this  experimental  referee 
broad  specification  (ERBS)  aviation  turbine  fuel  are  presented  in  Table  VII.  Both  the 
proposed  specification  levels  and  the  measurement  techniques  for  determining  these  levels 
are  shown.  The  principal  properties  that  have  been  "broadened"  are  those  that  have  been 
discussed  in  this  paper:  composition  (hydrogen  content),  volatility  (boiling  range), 
fluidity  (freezing  point  and  viscosity),  and  thermal  stability  (breakpoint  temperature). 
The  use  of  this  common  broad-specification  fuel  in  experiments  conducted  by  many  investi- 
gators should  provide  a Lusis  for  maximizing  the  usefulness  of  basic  studies  as  well  as 
a basis  for  comparing  the  ability  of  future  aircraft-engine  combustors  to  successfully 
operate  with  a broad-specification  fuel.  Future  experimental  studies  should  not  and  will 
not  be  confined  to  the  ERBS  fuel.  Continued  effort  is  still  needed  to  parametrically 
evaluate  the  impact  that  large  variations  in  properties,  as  discussed  in  this  paper, 
has  on  the  combustion  and  thermal  stability  char .icteristics  of  future  fuels. 
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TABLE  I.  - COMPOSITION  OF  PETROLEUM  CRUDE  OILS 


Crude 

source 

Con- 

stituents 

Nigeria 

Sulfur 

(light) 

Nitrogen 

Hydrogen 

Aga-Jari , 

Sulfur 

Iran 

Nitrogen 

Hydrogen 

Kuwait 

Sulfur 

Nitrogen 

Hydrogen 

Alaska 

Sulfur 

(Prudhoe  Bay) 

Nitrogen 

Hydrogen 

120  - 205 

205  - 275 

Content,  wt* 

0.02 

.001 

13.4 

0.09 

.001 

13.1 

0.23 

.009 

13.0 


0 

.95 

010 

13 

,1 

1 

.52 

. 10 

13 

.1 

0 

,60 

,028 

12 

, 7 

V8 


TABLE  II.  - COMPOSITION  OF  "SYNTHETIC"  CRUDE  OILS 


Crude 

source 

(process) 

Con  - 

stituents 

Total 

crude 

Middle-distillate  fractions 

Boiling  point,  ° 

C 

120  - 205 

205  - 275 

275  - 345 

Content,  wtl 

Shale  oil 

Sulfur 

0.71 

0.90 

— 

0.66 

0.69 

(Paraho) 

Nitrogen 

2.0 

. 001 

1.01 

1.9 

Hydrogen 

11.5 

12.5 

12.2 

11.5 

Shale  oil 

Sulfur 

0.67 

0.85 

0.82 

0.75 

(Tosco) 

Nitrogen 

1.85 

1.0 

1.45 

1.86 

Hydrogen 

11.6 

13.1 

12.  3 

11.5 

Shale  oil 

Sulfur 

0.64 

0.65 

0.  56 

0.60 

(Garrett-Insitu) 

Nitrogen 

1.30 

.001 

. 46 

1.03 

Hydrogen 

11.8 

12.6 

12.5 

12.0 

Coal  syncrudea 

Sulfur 

0.  22 

0.10 

0.092 

0.  14 

(Synthoil) 

Nitrogen 

.79 

. 30 

. 29 

. 32 

Hydrogen 

9.2 

11.0 

10.8 

10.4 

aKentucky  coal. 


TABLE  III.  - CHARACTERISTICS  OF  AVIATION  TURBINE  FUEL 


Characteristic 

Effect  or  relevance 

Heat  of  combustion 

Specific  fuel  consumption;  takeoff  gross  weight 

Specific  gravity 

Heat  of  combustion  (by  weight,  by  volume) 

Volatility 

Ignition;  altitude  rel’ght;  idle  emissions;  evaporation 
loss;  carbon  formation 

Viscosity 

Fuel  atomization;  ignition;  pumpability 

Aromatics  (H/C) 

Smoke;  flame  radiation;  heat  of  combustion;  carbon 
formation;  thermal  stability 

Flashpoint 

Fire  safety 

Freezing  point 

Pumpability  on  high-altitude,  long-range  missions 

Sulfur 

Corrosion;  emissions 

Olefins 

Gum  formation  (thermal  stability) 

Thermal  stability 

Maximum  fuel  temperature;  fuel  deposition 
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TABLE  VII.  - PROPOSED  SPECIFICATIONS  FOR  EXPERIMENTAL  REFEREE  BROAD- 
SPECIFICATION  (ERBS)  AVIATION  TURBINE  FUEL 


Specification 

ERBS  jet  fuel 

Proposed  test  method 

Composition: 

Hydrogen  content,  wt* 

12.8±0.2 

Nuclear  magnetic  resonance 

Aromatic  content,  volt 

Report 

ASTM  D1319 

Sulfur  content  (mercaptan) , wtt 

0.003  (max.) 

ASTM  D1219 

Sulfur  content  (total) , wtt 

0.3  (max.) 

ASTM  D1266 

Nitrogen  content  (total) , wtt 

Report 

Kjeldahl 

Naphthalene  content,  volt 

Report 

ASTM  D1840 

Hydrogen  compositional  analysis 

Report 

Gas  chromatography  - 

mass  spectroscopy 

Volatility : 

Distillation  temperature,  °C 

Initial  boiling  point 

Report 

ASTM  D2892 

lot  recovered 

205  (max.) 

SOt  recovered 

Report 

90t  recovered 

260  (min.) 

Final  boiling  point 

Report 

Residue,  percent 

Report 

Loss,  percent 

Report 

Flashpoint,  °C 

38  to  49 

ASTM  D56 

Gravity,  deg  API  at  15°  C 

Report 

ASTM 

D287 

Gravity  (specific) , (15°  C/15°  C) 

Report 

ASTM  D1298 

Fluidity: 

Freezing  point,  °C 

-29  (max.) 

ASTM  D2386 

Viscosity  at  -23°  C,  m2/s  (cS) 

12x10”®  (max.) 

ASTM 

D445 

Net  heat  of  combustion,  kJ/kg 

Report 

ASTM  D2382 

Thermal  stability  ( JFTOT  breakpoint 

240  (min.) 

ASTM  D3241 

temperature,  based  on  TDR  • 13 

or  AP  ■ 25  mm,  °C) 
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ACTION 

ADVANTAGES 

DISADVANTAGES 

PRODUCE 
SPECIFICATION 
JET  FUEL 

OPTIMIZED  FUEL  PROPERTIES 

AIRCRAFT/ENGINE  RETROFIT 
NOT  REQUIRED 

INCREASED  REFINERY 
ENERGY  CONSUMPTION 

INCREASED  FUEL  COST 

RELAX  JET  FUEL 
SPECIFICATION 

CONSERVATION  OF  ENERGY 

REDUCED  FUEL  COST 

MORE  COMPLEX 

COMPONENT  TECHNOLOGY 
REQUIRED 

ADVERSE  EFFECT  ON 

ENGINE  LIFE 

I'm  I Assessment  of  potential  actions 


log. 2 Hydrogen  content  of  alternative  sources  of  jet  fuel 


Fig. 3 Nitrogen  content  of  alternative  sources  of  jet  fuel 
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Fig.  1 3 Effect  of  fuel  hydrogen  content  on  heat  of  combustion 
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Fig  1 4 Typical  fuel-blend  freezing  points 
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F'igl  5 Effect  of  fuel  hydrogen  content  on  peak  soot  concentration.  (From  Reference  I 


Fig  1 7 Kffect  of  fuel  hydrogen  content  and  volatility  on  carbon  deposition. 
(From  Reference  14) 
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Fig.  18  Effect  of  fuel  hydrogen  content  on  maximum  flame  temperature 
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Fig.  1 9 Effect  of  fuel  hydrogen  content  and  pressure  on  flame  radiation. 
Inlet-air  temperature.  430°C.  (From  Reference  16) 
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2 2 lifted  of  fuel  type  on  total  hydrocarbon  and  carbon 
monoxide  emissions.  (From  Reference  17) 
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IMPACT  OF  FUTURE  FUEL  PROPERTIES  ON  AIRCRAFT  ENGINES  AND  FUEL  SYSTEMS 

R.  A.  Rudey  and  J.  S.  Grobman 
NASA  Lewis  Research  Center 
Cleveland,  Ohio  44135,  U.S.A. 


SUMMARY 

From  current  projections  of  the  availability  of  high-quality  petroleum  crude  oils, 
it  is  becoming  increasingly  apparent  that  the  specifications  for  hydrocarbon  jet  fuels 
may  have  to  be  modified.  The  problems  that  are  most  likely  to  be  encountered  as  a re- 
sult of  these  modifications  relate  to  engine  performance,  component  durability  and  main- 
tenance, and  aircraft  fuel-system  performance.  The  effect  on  engine  performance  will  be 
associated  with  changes  in  specific  fuel  consumption,  ignition  at  relight  limits,  at  ex- 
haust emissions.  Durability  and  maintenance  will  be  affected  by  increases  in  combustor 
liner  temperatures,  carbon  deposition,  gum  formation  in  fuel  nozzles,  and  erosion  and 
corrosion  of  turbine  blades  and  vanes.  Aircraft  fuel-system  performance  will  be  affected 
by  increased  deposits  in  fuel-system  heat  exchangers  and  changes  in  the  pumpability  and 
flowability  of  the  fuel.  The  severity  of  the  potential  problems  is  described  in  terms  of 
the  fuel  characteristics  most  likely  to  change  in  the  future.  Recent  data  that  evaluate 
the  ability  of  current-technology  aircraft  to  accept  fuel  specification  changes  are  pre- 
sented, and  selected  technological  advances  that  can  reduce  the  severity  of  the  problems 
are  described  and  discussed. 

INTRODUCTION 

This  paper  describes  and  discusses  the  propulsion-system  problems  that  will  most 
likely  be  encountered  if  the  specifications  of  hydrocarbon-based  jet  fuels  must  undergo 
significant  changes  in  the  future  and,  correspondingly,  the  advances  in  technology  that 
will  be  required  to  minimize  the  adverse  impact  of  these  problems. 

Future  jet  aircraft  fuels  derived  from  petroleum  or  "synthetic"  crude  stocks  such  as 
oil  shale  or  coal  may  have  significantly  different  fuel  properties  than  current  jet  fuels. 
The  effect  of  these  changes  in  fuel  properties  on  selected  combustion  processes  are  des- 
cribed and  discussed  in  reference  1.  As  pointed  out  in  reference  1,  significant  changes 
in  fuel  properties  may  be  encountered  in  the  not-too-distant  future;  the  most  probable 
changes  will  be  in  the  hydrogen-to-carbon  ratio,  the  percentage  of  aromatic  compounds, 
the  percentage  of  nitrogen  compounds,  and  the  fuel  boiling  range.  The  relationship  of 
these  fuel  property  changes  to  potential  propulsion-system  problems  is  illustrated  in 
Figure  1.  A higher  fuel  boiling  range  will  likely  result  in  a less  volatile,  more  vis- 
cous fuel,  which  will  affect  both  ignition  characteristics  and  idle  emissions,  and  a 
higher  freezing  point,  which  will  affect  the  pumpability  and  flowability  of  the  fuel. 
Increases  in  aromatic  compounds  will  result  in  increased  smoke  and  flame  radiation  and 
poorer  chemical  stability.  Increases  in  nitrogen  compounds  will  result  in  increased 
nitric  oxide  emissions  and,  again,  poorer  chemical  stability.  These  potential  problems 
impose  some  very  severe  constraints  on  the  ability  of  conventional  aircraft-engine  tech- 
nology to  accommodate  fuels  with  variations  in  these  properties.  Several  investigations 
have  been  recently  made  or  are  currently  under  way  to  evaluate  the  effects  of  some  of 
these  property  changes  on  conventional  aircraft-engine  technology  (2-7) . The  principal 
problem  areas  that  have  been  identified  to  date  are  primarily  associated  with  the  engine 
combustor  and  turbine  and  with  both  the  engine  and  the  aircraft  fuel  system. 

Although  this  paper  describes  potential  problems  and  the  ability  of  advanced  tech- 
nology to  minimize  or  eliminate  them,  in  the  final  analysis,  the  choice  between  estab- 
lishing allowable  variations  in  fuel  properties  and  implementing  advanced  propulsion- 
system  technology  will  be  arrived  at  through  an  iterative  process.  Obviously,  economics 
will  play  a key  role,  as  will  the  availability  of  high-quality  crude  oil  feedstocks. 
Therefore,  the  criteria  by  which  to  make  an  optimum  trade-off  between  future  fuel 
specifications  and  advanced  technological  needs  must  be  established.  This  is  the  prin- 
cipal objective  of  the  Fuels  Technology  Program  that  is  being  conducted  by  the  National 
Aeronautics  and  Space  Administration  (NASA)  and  from  which  a large  part  of  the  informa- 
tion presented  in  this  paper  was  derived.  Many  other  programs  sponsored  by  both  the 
U.S.  Government  and  private  industry  are  also  under  way,  and  they  too  have  contributed 
information  to  this  paper. 

Several  investigations  conducted  are  summarized.  Illustrations  are  used  to  describe 
the  relative  effects  of  selected  fuel  properties  on  the  behavior  of  propulsion-system 
components  and  fuel  systems.  The  selected  fuel  properties  are  those  that  are  most  likely 
to  be  relaxed  in  future  fuel  specifications  (1) . Illustrations  are  also  used  to  describe 
technological  advances  that  may  be  needed  in  the  future.  Finally,  the  technological  areas 
needing  the  most  attention  are  described,  and  programs  that  are  under  way  to  address 
these  needs  are  briefly  discussed. 
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ENGINE  PERFORMANCE 

Potential  future  fuel  properties  will  generally  affect  engine  performance  by  changing 
specific  fuel  consumption,  ignition  and  relight  limits,  and  exhaust  emissions.  Each  of 
these  factors  is  dealt  with  separately. 


Specific  Fuel  Consumption 

In  general,  the  specific  fuel  consumption  (SFC)  characteristics  of  aircraft  engines 
go  through  a cyclic  deterioration  with  time  (Fig.  2) : A short-term  engine  performance 
deterioration,  or  increase  in  SFC  occurs  during  early  operation  within  the  fleet;  long- 
term engine  performance  deterioration  is  modified  in  a cyclic  manner  by  engine  repair. 

The  short-term  deterioration  ordinarily  results  from  changes  in  running  clearances  and 
tolerances  in  what  might  be  called  the  break-in  period;  it  is  not  generally  recoverable. 
The  long-term  trend  can  be  modified  by  engine  repair;  for  the  newer  high-pressure-ratio 
engines  this  generally  means  replacement  or  refurbishment  of  hot-section  parts.  Many 
hot-section  problems  are  caused  by  temperature  maldistribution  and  by  erosion  and  cor- 
rosion. Without  the  repair  of  hot-section  parts,  the  overall  long-term  engine  performance 
deterioration  woulu  be  much  greater  than  that  shown  on  Figure  2.  Relaxed  fuel  specifica- 
tions, especially  in  the  percentage  of  aromatic  compounds  and  trace  species  such  as 
vanadium  and  sulphur,  may  considerably  aggravate  long-term  deterioration.  The  problems 
that  may  be  caused  by  changes  in  aromatic  content  and  trace  species  are  described  in  more 
detail  in  the  section  ENGINE  COMPONENT  DURABILITY  AND  MAINTENANCE. 


Ignition  and  Relight  Limits 

The  principal  fuel  properties  that  affect  the  ignition  and  relight  limits  of  an  air- 
craft engine  are  volatility  and  viscosity.  Fuel  volatility  and  viscosity  affect  the 
atomization  and  vaporization  characteristics  of  the  fuel  as  it  is  sprayed  into  the  com- 
bustion chamber.  How  these  properties  affect  combustor  ignition  characteristics  is  illus- 
trated in  Figure  3 (taken  from  ref.  5) , where  time  to  start  is  plotted  as  a function  of 
combustor  primary-zone  equivalence  ratio  for  a JP4  fuel  and  a Jet  A fuel.  Two  effects 
are  clearly  shown  in  Figure  3:  For  a given  fuel  (e.g.,  JP-4) , the  time  to  start  increases 
dramatically  with  decreasing  equivalence  ratio  after  a critical  minimum  is  reached.  This 
is  primarily  due  to  the  effect  that  reducing  fuel-nozzle  flow  rate  has  on  the  atomization 
quality  of  the  fuel  spray.  The  second  effect  relates  to  fuel  volatility  and  viscosity. 
Substituting  a Jet  A fuel  for  a jp-4  fuel,  and  thus  varying  volatility,  made  a higher 
primary-zone  equivalence  ratio  necessary  for  successful  ignition.  The  need  to  provide  a 
richer  primary-zone  equivalence  ratio  could  make  it  difficult  to  obtain  adequate  ignition 
limits  for  a fixed-geometry  conventional  combustor.  Volatility  and  viscosity  can  also 
affect  an  engine's  altitude  relight  envelope,  as  illustrated  in  Figure  4,  for  a modern 
high-bypass-ratio  jet  engine  combustor  using  cold  and  heated  JP-5  fuel.  Reducing  fuel 
volatility  and  increasing  viscosity,  as  simulated  by  using  the  cold  fuel,  caused  a notice- 
able loss  in  altitude  relight  capability,  especially  at  the  higher  flight  Mach  numbers. 
Several  techniques  that  can  be  used  to  improve  relight  are  described  later  in  this  paper. 


Exhaust  Emissions 

The  principal  fuel  properties  that  can  affect  engine  exhaust  emissions  are  volatility, 
hydrogen  content,  and  fuel-bound-nitrogen  content.  These  properties  affect  all  four  of 
the  principal  exhaust  emissions  that  have  been  designated  as  air  pollutants  and  that  are 
currently  being  regulated  by  the  U.S.  Environmental  Protection  Agency  (EPA) ; carbon 
monoxide,  hydrocarbons,  nitrogen  oxides,  and  smoke. 

Effects  of  hydrogen  content.  - Fuel  hydrogen  content  can  affect  all  four  pollutant 
emissions.  Very  dramatic  increases  in  combustor  smoke  number  with  decreasing  fuel  hydro- 
gen content  have  been  obtained  in  experimental  evaluations  using  conventional  combustion 
chambers  from  current-technology  aircraft  engines.  An  example  of  this  effect,  for  a 
conventional  can-type  combustor,  is  illustrated  in  Figure  5 (taken  from  ref.  6).  At  a 
simulated  takeoff  operating  condition  (Fig.  5(a))  the  measured  Society  of  Automotive 
Engineers  (SAE)  smoke  number  increased  in  a nearly  linear  manner  as  the  percentage  by 
weight  of  fuel  hydrogen  was  reduced.  The  relative  impact,  as  indicated  by  the  slope  of 
the  experimental  data,  was  more  severe  at  the  cruise  and  idle  operating  conditions,  as 
shown  in  Figures  5(b)  and  (c) , respectively.  For  the  engine  that  uses  this  combustor,  an 
SAE  smoke  number  of  25  is  required  at  takeoff  for  compliance  with  the  currently  proposed 
U.S.  EPA  standards. 

The  carbon  monoxide  (CO)  and  unburned  hydrocarbon  (HC)  emissions  of  this  same  can 
combustor  operating  at  idle  conditions  are  plotted  as  a function  of  fuel  hydrogen  content 
in  Figure  6 (taken  from  ref.  6).  Although  a considerable  amount  of  scatter  is  evident,  a 
trend  of  slightly  increasing  CO  and  HC  emissions  is  detectable  with  decreasing  fuel  hydro- 
gen content.  This  effect  of  fuel  hydrogen  content  on  CO  and  HC  emissions  will  be  most 
prevalent  at  the  idle  condition,  as  illustrated  in  Figure  7 (taken  from  ref.  5) , where  the 
emission  characteristics  of  a low-pressure-ratio  engine  combustor  are  plotted  as  a function 
of  the  percentage  of  engine  rated  power  for  a variety  of  fuel  types.  Because  the  number 
2 diesel  fuel  (DF-2)  has  a significantly  lower  hydrogen  content  and  lower  volatility  than 
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the  jet  fuels,  it  produces  higher  emissions.  The  larger  relative  effect  on  emissions 
at  idle,  as  compared  with  the  othe>.  operating  conditions,  is  attributed  to  the  much 
lower  compressor  discharge  pressure  and  temperature  at  idle.  The  effect  of  fuel  hydro- 
gen content  on  CO  and  HC  emissions,  as  illustrated  in  this  example,  miy  not  be  as  signifi- 
cant in  current  and  future  modern  high-pressure-ratio  engines.  The  higher  compressor 
discharge  pressures  and  temperatures  of  these  engines  should  minimize  this  problem. 

The  effect  of  fuel  hydrogen  content  on  oxides  of  nitrogen  (N0X)  emissions  is  illus- 
trated in  Figure  8 for  the  same  can  combustor  used  to  obtain  the  results  shown  in  Fig- 
ures 5 and  6.  For  this  combustor,  the  N0X  emission  index  increase  was  more  pronounced 
at  the  takeoff  condition  than  at  the  cruise  condition.  This  increase  in  NOx  emissions 
was  attributed  to  a possible  increase  in  combustion  flame  temperature  that  could  have 
occurred  as  the  fuel  hydrogen  content  was  decreased.  An  example  of  such  an  increase  in 
flame  temperature  is  illustrated  in  Figure  9,  where  a computed  maximum  flame  temperature 
(based  on  a homogeneous  fuel-air  mixture)  is  plotted  as  a function  of  fuel  hydrogen  con- 
tent for  the  same  cruise  and  takeoff  test  conditions  used  to  obtain  the  experimental  re- 
sults shown  in  Figure  8.  These  theoretical  temperature  characteristics  indicate  that  a 
trend  toward  increasing  N0X  emissions  with  decreasing  fuel  hydrogen  content  should  be  ex- 
pected. 

Of  all  of  these  effects  of  fuel  hydrogen  content  on  exhaust  emissions,  the  dramatic 
increases  in  smoke  emission  are  felt  to  be  the  most  severe  and  challenging  problem. 

Effects  of  fuel-bound-nitroqen  content.  - Increasing  fuel-bound-nitrogen  content  is 
expectecT- to- Have- an-eT?ect-onTyorr’NO^— emissions . This  effect  for  a low-pressure-ratio 
engine  combustor  is  illustrated  in  Figure  10  (taken  from  ref.  7)  for  three  simulated  en- 
gine operating  conditions.  The  NOx  emissions  increased  substantially  at  all  operating 
conditions  as  fuel-bound-nitrogen  content  was  increased.  The  magnitude  of  the  increase  in 
NOx  emissions  would  be  even  more  pronounced  if  all  the  nitrogen  were  converted  into  NOx, 
but  this  was  not  the  case,  as  shown  in  Figure  11.  The  conversion  efficiency  shown  in  Fig- 
ure 11  is  quite  typical  and  comparable  with  many  results  currently  being  obtained  in  other 
experiments.  In  some  studies,  however,  conversion  efficiency  has  been  shown  to  be  a func- 
tion of  variations  in  combustor  configuration  and  operating  conditions.  Conversion  effi- 
ciencies from  as  high  as  80  percent  down  to  40  or  50  percent  have  been  realized. 

In  these  experiments,  fuel  hydrogen  and  fuel-bound-nitrogen  contents  were  varied  by 
"doping"  existing-specif ication  fuels  with  such  pure  compounds  as  alkyl  benzenes  and 
pyridine.  The  range  of  hydrogen  and  nitrogen  contents  was  purposely  made  large  in  order 
to  evaluate  the  effects  in  a parametric  manner.  The  lower  and  upper  limits  were  not  set 
to  imply  that  any  particular  levels  are  expected  in  future  fuels.  Also,  bear  in  mind 
that  most  of  the  results  were  obtained  in  controlled  combustor  test-rig  experiments  and 
thus  may  not  be  comparable  to  actual  engine  results.  Nevertheless,  the  trends  in  exhaust 
emissions  that  were  illustrated  are  felt  to  represent  what  can  be  expected  if  fuels  having 
properties  similar  to  the  test  fuels  are  used. 


ENGINE  COMPONENT  DURABILITY  AND  MAINTENANCE 

Changes  in  future  fuel  characteristics  will  likely  have  a pronounced  effect  on  engine 
component  durability  and  maintenance.  The  increasing  flame  temperature  and  luminosity 
that  can  be  expected  as  fuel  hydrogen  content  is  reduced  (1)  can  cause  problems  in  cooling 
combustor  liners  and  turbine  vanes  and  blades.  Changes  in  fuel  volatility  and  chemical 
stability  can  be  expected  to  increase  carbon  formation  and  deposition.  And  any  increase 
in  reactive  trace  constituents  will  certainly  aggravate  the  erosion  and  corrosion  problems. 
Each  of  these  changes  are  considered  in  the  following  discussion. 


Combustor  Liner  Temperature 

The  effective  cooling  of  combustor  liners  is  becoming  more  difficult  because  of  the 
changing  engine  cycle  conditions  associated  with  high-pressure-ratio  engines.  The  effect 
of  increasing  combustor  inlet  temperature  on  liner  temperature  is  illustrated  in  Figure  12 
(taken  from  ref.  8).  The  effect  is  almost  linear  and  is  probably  caused  by  the  increasing 
cooling-air  temperature  and  the  increasing  flame  temperature  that  would  occur  at  a fixed 
primary-zone  fuel-air  ratio  as  inlet  air  temperature  is  increased.  Another  factor  that 
can  increase  flame  temperature  and  flame  emissivity  is  combustor  pressure.  The  effect  of 
increasing  combustor  pressure  on  liner  temperature  is  illustrated  in  Figure  13.  Calculated 
liner  temperatures  are  also  shown  in  both  Figures  12  and  13  and,  in  general,  they  are  in 
reasonable  agreement  with  both  the  shape  and  trend  of  the  measured  experimental  temperature 
and  pressure  effects.  However,  the  calculated  absolute  liner  wall  temperature  levels  are 
too  high  probably  because  total  flame  radiation  cannot  be  accurately  forecast.  The  sensi- 
tivity of  liner  wall  temperatures  to  flame  emissivity  (luminosity)  is  strongly  affected  by 
the  hydrogen- to-carbon  ratio  of  the  fuel  (1).  This  effect  is  illustrated  in  Figure  14, 
where  experimentally  measured  liner  temperatures  are  plotted  as  a function  of  the  hydrogen 
content  in  the  fuel  used  for  testing  a can  combustor  (6)  at  two  simulated  engine  operating 
conditions.  The  steeper  slope  of  the  measured  liner  temperatures  at  the  cruise  conditions 
suggests  that  the  flame  luminosity  effect  becomes  more  pronounced  at  the  compressor  dis- 
charge pressures  associated  with  the  cruise  condition.  The  effect  of  combustor  pressure  on 
soot  formation,  and  hence  flame  luminosity,  is  described  in  detail  in  reference  9. 
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In  summary,  there  are  several  factors  that  could  affect  combustor  liner  temperatures 
in  future  aircraft  engines.  Increases  in  cycle  pressure  ratio  that  are  being  sought  to 
improve  engine  efficiency  are  certainly  going  to  require  additional  attention  to  the  liner 
cooling  problem.  It  is  also  apparent  that  reductions  in  the  hydrogen  content  of  future 
fuels  will  surely  aggravate  any  problems  associated  with  liner  cooling. 


Carbon  Formation  and  Deposition 

The  combination  of  the  inability  to  effectively  atomize  the  fuel  that  is  injected 
into  a combustion  chamber  and  a reduction  in  fuel  hydrogen  content  can  cause  some  rather 
dramatic  carbon  formation  and  deposition  problems,  as  illustrated  in  Figure  15.  Figure  15 
shows  carbon  deposition  that  occurred  in  an  experimental  annular  combustor  for  a low- 
pressure-ratio  engine.  Carbon  deposition  this  severe  is  not  prevalent  in  today's  high- 
pressure-ratio  engines.  However,  carbon  formation  could  once  again  become  a problem  if 
fuel  volatility  and  hydrogen  content  are  significantly  modified.  The  effect  of  both 
volatility  and  hydrogen-carbon  ratio  on  carbon  deposition  is  illustrated  in  Figure  16 
(taken  from  ref.  11).  The  use  of  fuels  with  higher  boiling  ranges  (e.g.,  diesel  oil)  and 
lower  hydrogen-carbon  ratios  (higher  aromatic  content)  would  tend  to  increase  carbon 
deposition.  Because  these  effects  are  pressure  and  temperature  dependent,  the  higher 
cycle  temperature  of  most  modern  high-performance  engines  should  reduce  the  probability 
that  carbon  formation  and  deposition  as  dramatic  as  that  shown  in  Figure  15  would  occur 
with  the  use  of  future  fuels  having  low  volatility  and  hydrogen  content.  However,  some 
of  the  new  low-pressure-ratio  small  engines  used  in  remote-piloted  vehicles  (RPV's)  could 
encounter  rather  serious  problems  when  using  fuels  with  relaxed  volatility  and  hydrogen 
content  specifications. 

Carbon  deposition  and  coking  within  fuel  nozzles  can  cause  problems  in  fuel  atomiza- 
tion such  as  illustrated  in  Figure  17.  The  streaking  effect  that  is  shown  in  the  spray 
pattern  is  most  likely  caused  by  deposits  in  the  small  fuel-nozzle  passages  that  occurred 
due  to  thermal  stability  problems  in  the  fuel.  Poor  fuel  atomization  can  cause  the  carbon 
formation  and  deposition  problems  that  were  previously  discussed  and  can  also  result  in 
significant  hot-streak  and  pattern- factor  problems  within  the  combustor. 


Erosion,  Corrosion,  and  Deposition 

There  are  three  principal  factors  that  can  cause  problems  within  the  hot  section  of 
an  aircraft  engine,  particularly  in  the  turbine:  high  combustion-exhaust-gas  temperatures, 
unburned  combustion  products,  and  impurities  in  both  the  fuel  and  the  air.  All  these 
factors  can  combine  to  produce  an  environmental  attack  on  turbine  materials  (12) , as  shown 
schematically  in  Figure  18.  Impurities  such  as  sodium,  chlorides,  and  sulphur  can  result 
in  gaseous  reactions,  liquid  deposition,  and  oxide  fluxing,  all  of  which  can  produce  high- 
temperature  oxidation  and  corrosion  damage.  Damage  from  liquid  and  solid  deposits  and 
fouling  occurs  because  of  calcium,  potassium,  and  magnesium  impurities  within  the  fuel. 
Erosion  damage  can  occur  from  the  impact  of  liquid  or  solid  particles  such  as  carbon,  ash, 
or  dirt  particles  in  the  combustion  gases. 

The  effect  that  the  preceding  damage  forms  can  have  on  a turbine  is  illustrated 
schematically  in  Figure  19.  Weight  loss  from  erosion  is  estimated  to  occur  in  a nearly 
linear  fashion  with  time  as  would  the  weight  gain  from  deposition  (fouling) . Corrosion  is 
the  most  severe  form  of  environmental  attack,  and  long-term  loss  in  specific  weight  be- 
comes disastrous.  All  of  the  factors  illustrated  in  Figure  19  affect  turbine  life. 
Deposition  and  fouling  can  lessen  the  efficiency  of  turbine  cooling  by  plugging  film-cooling 
holes,  as  shown  in  Figure  20;  and  erosion  and  corrosion  can  cause  material  distress,  as 
illustrated  in  Figure  21. 

By  combining  the  aforementioned  "impurity”-related  turbine  life  factors  with  the 
normal  life-limiting  factors  of  materials,  a life-limiting  picture  of  turbine  components 
such  as  the  one  illustrated  in  Figure  22  can  be  constructed.  This  schematic  representa- 
tion illustrates  how  erosion  and  corrosion  can  drastically  shorten  turbine-component  life 
beyond  that  which  would  normally  be  controlled  by  fatigue,  creep,  and  material  melting 
temperatures  only.  If  the  allowable  limits  of  fuel  impurities,  such  as  sodium  and  sulfur, 
and  of  the  fuel  hydrogen  content  are  relaxed  in  future  fuels,  the  aforementioned  effects 
may  become  significant  problems. 


ENGINE  TECHNOLOGY  NEEDS 

The  preceding  sections  of  this  paper  describe  several  problems  that  may  arise  from 
the  relaxing  of  fuel  specifications  for  aircraft  engines.  The  technology  that  will  be 
needed  to  minimize  or  eliminate  these  problems  is  described  in  this  section  of  the  paper. 
Some  critical  research  and  development  needs  have  been  identified: 

Improved  cooling  techniques 
Reliable  ignition  and  relight 
Reduced  exhaust  emissions 
Improved  fuel  injectors 
Prevention  of  carbon  deposition 
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Improved  materials  and  coatings 
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Although  it  is  not  within  the  scope  of  this  paper  to  discuss  in  detail  the  research 
and  development  needs  in  all  these  areas,  technological  advances  currently  being 
sought  are  presented  and  discussed. 


, 


Engine  Performance 

A variety  of  techniques  can  be  considered  to  minimize  potential  ignition  and  re- 
light problems.  Heating  the  fuel  to  reduce  its  viscosity  can  be  effective  in  improving 
fuel  atomization.  Primer  or  auxiliary  fuel  nozzles,  designed  for  use  during  ignition 
and  relight  only,  can  also  improve  fuel  atomization  at  engine  starting  conditions.  Torch 
ignitors  have  been  very  effective  in  many  military  applications  for  high-altitude  re- 
light. All  these  techniques  will  add  a degree  of  complexity  to  the  engine  and  its  fuel 
control.  Therefore,  simpler  and  more  reliable  techniques  are  surely  going  to  be  needed. 

Several  potential  design  concepts  can  be  used  to  control  exhaust  emissions,  a prob- 
lem that  may  be  aggravated  by  relaxed  fuel  specifications: 

Staged  combustion 
Air-atomizing  fuel  injectors 
Intensive  fuel-air  mixing 

(Lean  combustion 

Fuel-air  premixing 
Fuel  prevaporization 

In  practice,  a combination  of  many  of  these  techniques  could  be  used  in  any  particular 
combustor  concept.  As  an  example,  two  recently  evaluated  advanced  combustor  concepts  are 
shown  by  the  cross-sectional  schematics  shown  in  Figure  23.  Both  the  Vorbix  and  double- 
annular  combustion  concepts,  which  were  evolved  during  the  NASA  Clean  Combustor  Program 
(13,14),  incorporate  fuel  staging,  air-atomizing  fuel  injectors,  and  lean  combustion. 

The  Vorbix  combustor  also  uses  intensive  fuel-air  mixing.  Both  combustor  concepts  sub- 
stantially reduce  all  the  gaseous  exhaust  emissions  below  the  levels  of  the  conventional 
engine  combustors  that  they  were  designed  to  replace.  The  use  of  one  stage  (pilot)  to 
reduce  CO  and  HC  emissions  during  idle  and  a second  stage  (main)  to  reduce  these  emissions 
during  high-power  operation  proved  to  be  very  effective,  as  shown  in  Figure  24.  Staged- 
combustor  concepts  such  as  these  will  be  needed  to  minimize  the  impact  of  decreasing  fuel 
hydrogen  content  or  increasing  fuel-bound-nitrogen  content  on  aircraft  engine  exhaust 
emissions.  Both  concepts  have  gone  through  successful  experimental  engine  testing  and 
are  strong  candidates  for  future  energy-conservative  and  environmentally  acceptable  engines. 

If  more  dramatic  reductions  in  exhaust  emissions  are  are  required  (e.g.,  N0X)  combining 
techniques  such  as  prevaporizing  the  fuel  and  premixing  the  fuel  and  air  will  allow  com- 
bustion to  occur  at  extremely  low  fuel-air  ratios  and  thus  will  dramatically  reduce  flame 
temperatures.  Successful  development  of  prevaporizing-premixing  techniques  could  provide 
additional  decreases  in  N0X  emissions,  such  as  those  discussed  in  reference  15  and  shown 
in  Figure  25. 

A var'ety  of  minor  combustor  modifications  can  be  used  to  reduce  CO  and  HC  emissions 
without  the  major  changes  in  combustor  design  shown  in  Figure  23.  These  modifications 
would  deal  mainly  with  improving  fuel  atomization  and  the  distribution  of  air  and  fuel  in 
the  primary  zone. 

Although  most  of  the  aforementioned  concepts  have  been  or  are  being  evolved  to  re- 
spond to  environmental  problems  with  current-specification  jet  fuels,  they  can  certainly 
apply  to  future  engines  that  would  use  relaxed-specification  fuels.  Therefore,  continued 
exploration  to  define  the  capability  of  these  concepts  to  control  exhaust  emissions  from 
fuels  with  relaxed  specifications  is  certainly  going  to  be  needed. 


Engine  Component  Durability  and  Maintenance 

Several  potential  design  approaches  can  improve  component  durability  and  reduce  main- 
tenance requirements: 

Lean  combustion  techniques 
Advanced  materials  and  coatings 
Advanced  liner  cooling  techniques 
Improved  structures 

Lean  combustion  can  reduce  the  effect  of  fuel  hydrogen  content  on  flame  luminosity  and 
therefore  reduce  liner  temperature,  as  shown  in  Figure  26.  A maximum  liner  temperature 
over  200°  C lower  than  that  of  conventional  combustors  was  realized  when  the  two  combustor 
concepts  shown  in  Figure  23  were  tested  with  a fuel  having  a hydrogen  content  of  about 
12  1/2  percent  by  weight.  Another  feature  of  the  lean- combust ion  approach  that  is  indi- 
cated by  the  results  shown  in  Figure  26  is  that  the  liner  temperature  appears  to  be  in- 
sensitive to  fuel  hydrogen  content.  This  insensitivity  would  be  a significant  advantage 
in  future  engines  because  a rather  flexible  fuel-hydrogen  content  specification  could  be 
used  without  compromising  liner  durability  as  affected  by  increasing  liner  temperatures. 

Thermal-barrier  coatings  also  offer  the  potential  for  reducing  liner  temperatures.  A 
conventional  can  combustor  with  a thermal-barrier  coating  is  shown  in  Figure  27  (taken 
from  ref.  16).  A zirconia  ceramic  coating  was  applied  to  the  liner  inner  wall.  The  com- 


bu8tor  was  tested  over  a range  of  conditions  simulating  engine  takeoff  and  cruise;  the  , 

resultant  effect  of  the  ceramic  coating  on  the  maximum  liner  temperature  is  shown  in 

Figure  28.  Significant  reductions  in  maximum  liner  temperature  were  realized  at  both 

the  cruise  and  takeoff  conditions.  Research  and  development  of  this  and  other  advanced 

liner-cooling  techniques,  such  as  those  shown  in  Figure  29,  is  certainly  warranted. 

The  continued  development  of  all  the  aforementioned  approaches  will  surely  be 
needed  to  maintain  acceptable  durability  and  maintenance  characteristics  of  future 
engines  using  relaxed-specification  fuels. 


Erosion,  Corrosion,  and  Deposition 

Solving  the  problems  of  erosion,  corrosion,  and  deposition  on  engine  hot-section 
life  will  require  many  of  the  design  techniques  already  described.  Reducing  combustor 
soot  and  carbon  formation  and  minimizing  the  effect  of  such  trace  constituents  as  sulphur, 
potassium,  and  manganese  must  be  actively  pursued.  Corrosion-resistant  materials  are 
being  developed,  and  the  use  of  coatings  to  protect  the  parent  metal  is  also  being  eval- 
uated (17).  One  example  of  how  materials  and  coatings  can  affect  the  impact  of  corrosion 
on  specific  weight  change  is  shown  in  Figure  30.  Continued  exploration  in  this  area  is 
certainly  warranted,  as  well  as  the  development  of  advanced  turbine  blade  and  vane  cooling 
schemes  that  are  less  susceptible  to  plugging  by  deposits. 

Many  of  the  aforementioned  research  and  development  needs  are  being  addressed  in  the 
NASA  Fuels  Technology  Program,  as  well  as  in  other  U.S.  Government  and  industry-sponsored 
programs.  Presently,  the  main  emphasis  in  the  NASA  program  is  on  evaluating  combustion 
and  durability  problems.  However,  because  of  the  importance  of  all  the  problem  areas  dis- 
cussed in  this  paper,  problem  definition  and  response  to  technological  needs  must  be  con- 
tinuously reviewed.  A comprehensive  data  base  will  surely  be  needed  if  we  are  to  optimize 
the  trade-off  between  advanced  technology  development  and  fuel  specification  relaxation  for 
future  aircraft  applications. 


AIRCRAFT  ENGINE  FUEL  SYSTEMS 

The  fuel  properties  that  are  most  likely  to  cause  problems  in  aircraft  engine  fuel 
systems  are  those  that  affect  fuel  thermal  stability,  flowability,  and  pumpability  and 
fuel-system  material  compatibility.  These  factors  are  principally  affected  by  the  fuel- 
bound-nitrogen  and  hydrogen  content,  freezing  point,  and  aromatic  content  of  the  fuel. 
Another  factor  of  concern  in  fuel  systems  is  the  effect  of  fuel  volatility  on  safety. 
Since  the  forecasted  trend  in  future  fuels  is  toward  a less  volatile  fuel,  rather  than  a 
more  volatile  fuel  that  would  present  safety  hazards,  changes  in  potential  safety  prob- 
lems are  not  expected  and  therefore  are  not  discussed  in  this  paper. 


Thermal  Stability  and  Deposition 

Increasing  fuel-bound-nitrogen  content  can  result  in  a less  thermally  stable  fuel.  A 
similar  effect  is  also  noted  for  reducing  fuel  hydrogen  content.  The  use  of  fuel  as  a 
heat  sink  in  most  aircraft  fuel  systems  results  in  a rise  in  fuel  temperature.  If  the 
fuel  temperature  approaches  or  exceeds  the  "breakpoint"  of  the  fuel,  deposits  may  form  in 
the  heat-exchanger  passages  and  a loss  in  heat-transfer  effectiveness  can  occur.  (Fuel 
breakpoint  temperature  is  discussed  in  ref.  1.)  In  the  extreme,  these  deposits  can  become 
severe  enough  to  produce  flow  restrictions  in  the  fuel  passages,  thereby  increasing  the 
pressure  drop.  Fuel  nozzles  are  also  susceptible  to  this  potential  problem.  One  test  that 
is  commonly  used  to  measure  the  thermal  stability  of  the  fuel  is  the  JFTOT  technique  (1). 

As  an  example,  a fuel  that  was  derived  from  shale  oil  and  refined  to  two  different  fuel- 
bound-nitrogen  content  levels  was  exposed  to  this  test  and  the  results  are  shown  in  Fig- 
ure 31.  As  illustrated,  the  deposits  that  were  formed  within  the  tube  were  much  more  se- 
vere for  the  fuel  with  high  fuel-bound-nitrogen  content  when  both  fuels  were  heated  to 
the  same  temperature  (e.g.,  260°  C) . 

Many  factors  are  involved  in  the  formation  of  fuel-system  deposits.  Several  of  the 
principal  ones  that  have  been  identified  are: 

Fuel  properties 
Engine-cycle  pressure  ratio 
Flight  duration 
Fuel  contamination 
Surface  material 
Fuel  oxygen  content 
Fuel  additives 

Even  though  fuel  properties  (i.e.,  fuel  hydrogen  and  fuel-bound-nitrogen  contents)  is  only 
one  of  the  many  factors  involved,  it  is  the  one  factor  that  will  most  likely  be  affected 
by  any  relaxation  of  fuel  specifications  for  future  aircraft  engines. 
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Fuel  Pumpability  and  Flowability 

At  the  freeze  polnt>  a fuel  begins  to  enter  a semisolid  state,  which  can  have  an 
adverse  effect  on  its  pumpability  and  flowability.  For  example,  a semisolid  fuel  can 
severely  block  a screen  filter,  as  illustrated  in  Figure  32.  Any  blockage  of  this  mag- 
nitude in  an  aircraft  fuel  system  could  have  disastrous  consequences.  Hence,  maintaining 
fuel  temperature  at  a safe  margin  above  its  freeze  point  is  an  absolute  necessity. 
Therefore,  any  increases  in  fuel  freeze  point  that  could  occur  from  relaxing  the  specifi- 
cations of  future  fuels  must  be  carefully  considered. 

Many  factors  must  be  considered  in  evaluating  the  minimum  allowable  fuel-tank  tem- 
perature, such  as  flight  routes,  altitude,  and  duration  and  the  initial  fuel  temperature. 
The  effect  that  flight  routes  can  have  on  fuel  temperature  is  illustrated  in  Figure  33, 
where  the  average  of  the  recorded  in-flight  fuel  temperatures  of  a large  number  of  air- 
craft is  plotted  as  a function  of  the  percentage  of  flight  time  that  the  fuel  was  above 
the  minimum  temperature  recorded  during  the  flight.  The  average  fuel  temperature  data 
for  each  of  three  different  routes,  as  documented  by  the  International  Air  Transport 
Association,  are  shown.  The  North  Atlantic  and  North  Pole  routes  had  fuel  temperatures 
below  -30°  C about  20  percent  of  the  time,  but  the  Europe-to-South-America  route  had  fuel 
temperatures  below  -30°  C only  about  2 percent  of  the  time.  An  example  of  the  calculated 
effect  of  both  flight  duration  and  initial  fuel  temperature  on  the  fuel  temperature  for  a 
long-range  flight  of  9300  km  is  illustrated  in  Figure  34.  The  procedures  involved  in  this 
calculation  are  described  in  reference  18.  After  about  6 hours  of  flight,  the  calculations 
indicate  that  fuel  temperature  would  reach  about  -40°  C regardless  of  the  initial  tem- 
perature. This  effect  of  initial  fuel  temperature  could  allow  a higher- freeze-point  fuel 
to  be  used  for  short-duration  flights,  but  it  would  probably  not  provide  any  substantial 
benefit  on  typical  long-duration  flights. 

Since  the  "candidate"  broad-specification  fuel  described  in  reference  1 has  a freeze 
point  of  about  -29°  C,  some  form  of  fuel  heating  will  probably  be  required  to  prevent  fuel 
pumpability  and  flowability  problems  in  long-range  aircraft  using  this  fuel.  A calculated 
projection  of  the  percent  of  flights  that  would  require  fuel  heating  as  a function  of 
season,  flight  duration  (mission),  and  fuel  freeze  point  is  shown  in  Table  I.  The  analysis 
used  to  arrive  at  the  data  shown  in  Table  I is  discussed  in  detail  in  reference  19. 

Based  on  this  analysis,  the  need  for  fuel-tank  heating  would  be  very  minimal  for  the  -29°  C 
freeze-point  fuel,  but  increasing  the  freeze  point  to  -19°  C would  require  heating  on  all 
flights  at  all  times  of  the  year.  From  these  freeze-point  considerations  only,  it  would 
appear  that  a fuel  with  a relaxed  fuel-freeze-point  specification  of  -29°  C (current  value, 
-40°  C)  may  be  acceptable  for  aircraft  use  if  fuel  heating  can  be  provided  for  selected 
flights. 


Material  Compatibility 

One  concern  in  aircraft  fuel-system  materials  that  could  be  affected  by  relaxing 
fuel  specifications  is  the  impact  that  increasing  aromatic  content  may  have  on  the 
elasticity  of  elastomer  compound  and  sealants.  This  effect  is  shown  in  Figure  35.  For 
an  exposure  time  of  4 hours,  the  elasticity  ratio  fE/fo  of  a butadiene  acrylonitrile 
rubber  elastomer  decreased  from  about  0.7  to  0.15  when  the  aromatic  content  of  the  fuel 
that  it  was  immersed  in  was  increased  from  20  to  60  percent.  The  elasticity  ratio  fc/fo 
is  described  in  reference  19  where  fe  is  defined  as  the  measured  stress  relaxation  after 
exposure  and  f(j  before  exposure.  The  loss  in  elasticity  shown  in  Figure  35(a)  may  affect 
the  ability  of  this  elastomer  material  to  be  effective  in  applications  such  0-ring  seals. 

A similar,  although  not  quite  as  pronounced,  effect  is  shown  in  Figure  35(b)  for  a typical 
sealant  material.  It  should  be  noted  here  that  many  elastomer  compounds  can  be  and  are 
tailored  to  specific  fuel  properties  so  that  these  affects  would  be  minimized  for  a given 
fuel  in  a given  application.  However,  for  aircraft  fuel  systems  that  must  operate  with 
fuels  having  a wide  range  in  aromatic  content,  the  material  compatibility  problems  illus- 
trated could  become  significant. 


AIRCRAFT  FUEL-SYSTEM  TECHNOLOGY  NEEDS 

The  preceding  section  describes  some  of  the  fuel-system  problems  that  can  be  antici- 
pated from  the  relaxing  of  fuel  specifications.  The  technologies  that  must  be  developed 
to  minimize  or  eliminate  these  problems  are  discussed  in  this  section.  Some  of  the  criti- 
cal fuel-system  areas  where  continued  research  and  technology  efforts  are  needed  are: 

Fuel-tank  heating 

Fuel  manifold  and  fuel  injection  fouling 
Elastometers  and  sealants 
Ground  handling 

Although  the  need  to  improve  ground  handling  techniques  for  storing  and  loading  higher- 
freeze-point  fuels  is  recognized,  it  is  not  discussed  in  this  paper  because  we  are  princi- 
pally addressing  potential  propulsion-system  problems.  The  effects  of  fuel  properties  on 
fuel  manifold  and  injector  fouling  and  on  elastometers  and  sealants  still  needs  consider- 
able evaluation  before  the  technological  needs  can  be  clearly  defined  and  pursued.  There- 
fore, we  will  concentrate  on  those  advances  in  technology  that  are  needed  to  solve  the  fuel 
pumpability  and  flowability  problems  that  could  occur  when  using  fuels  with  freeze  points 
higher  than  those  currently  specified. 
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The  calculated  effect  of  fuel-tank  heating  on  fuel  temperature  aa  a function  of 
flight  time  for  a typical  long-range,  wide-bodied  jet  aircraft  is  shown  in  Figure  36 
(taken  from  ref.  19).  Two  levels  of  constant  heat  input  to  the  fuel  were  used  in  the 
computation.  For  the  entire  9300- km  mission,  a heat  input  of  3700  kJ/min  per  fusl  tank 
would  be  needed  to  maintain  the  fuel  temperature  above  a freeze  point  of  -29°  C,  and 
6500  kJ/min  per  fuel  tank  would  be  needed  to  maintain  the  fuel  temperature  above  -18°  C 
freeze  point.  Since  the  fuel  temperature  stays  above  the  -29°  C freeze  point  during  the 
first  several  hours  of  the  mission,  no  fuel  heating  would  be  needed  during  this  portion 
of  the  mission  for  a fuel  having  this  relaxed  freeze-point  specification.  Therefore, 
from  an  economic  standpoint,  it  would  seem  reasonable  to  consider  the  use  of  selective 
heating  as  required  rather  than  the  continuous  heating  that  was  used  to  calculate  the 
characteristics  shown  in  Figure  36.  The  effectiveness  of  this  approach  is  illustrated 
in  Figure  37,  where  calculated  fuel  temperatures  are  plotted  as  a function  of  flight  time 
for  a 9300-km  mission  of  a typical  wide-bodied  jet  aircraft.  The  calculated  character- 
istics shown  for  the  various  tank  locations  also  indicate  that  it  would  probably  not  be 
necessary  to  apply  heat  during  the  early  portion  of  the  flight.  Using  selective  fuel- 
tank  heating  would  certainly  reduce  the  total  heat  input  needed  to  heat  the  fuel  during 
the  entire  mission. 

Another  technique  that  could  be  used  to  reduce  the  total  heat  input  needed  for  a mis- 
sion would  be  to  insulate  the  fuel  tanks.  An  example  of  how  tank  insulation  thickness 
could  reduce  heat  input  is  shown  in  Figure  38  for  a 9300-km  mission  of  a typical  wide- 
bodied jet  aircraft.  Increasing  tank  insulation  from  zero  (value  assumed  in  the  Fig.  36 
calculations)  to  a 2.5-cm  thickness  would  result  in  a factor-of-4  reduction  in  the  heat 
input  needed  to  maintain  the  fuel  above  -29°  C.  The  application  of  this  much  insulation 
would  produce  an  aircraft  weight  penalty  that  would  have  to  be  compared  with  the  savings 
in  heat  input  before  such  a technique  could  be  considered. 

An  example  of  aircraft  heat  sources  that  could  be  used  to  provide  the  needed  heat  in- 
put to  the  fuel  tank  is  illustrated  in  Figure  39.  The  use  of  the  cabin  air-conditioning 
and  lubricating-oil  heat  exchangers  would  require  minor  modifications  to  the  aircraft  and 
fuel  system  and  could  be  implemented  with  a relatively  low  risk.  The  use  of  fuel  boost- 
pump  recirculation  and  an  engine-driven  electric  heat  exchanger  would  probably  require 
minor-to-moderate  modifications.  The  use  of  compressor  air  bleed  would  require  moderate 
modifications  and  developmental  risks.  And  the  use  of  a tailpipe  heat  exchanger  would 
require  the  most  difficult  and  highest  risk  modifications.  The  calculated  increases  in 
aircraft  weight  for  a typical  wide-bodied  jet  aircraft  and  the  resultant  fuel  penalties 
associated  with  using  these  fuel  heat  sources  are  given  in  Table  II.  In  the  minor-to- 
moderate  class  of  modification,  the  lubricating-oil  heat  exchanger  and  the  engine-driven 
electric  heater  appear  to  represent  a reasonable  approach  from  a combined  heat  input  and 
fuel  penalty  consideration.  Neither  the  air-conditioning-system  heat  exchanger  nor  fuel 
boost-pump  recirculation  would  provide  a satisfactory  heat  input  rate  (Fig.  37).  Com- 
pressor air  bleed  would  result  in  a very  high  fuel  penalty.  And  the  tailpipe  heat  ex- 
changer would  have  a very  high  development  risk,  which  certainly  reduces  its  attractive- 
ness even  though  its  successful  application  would  result  in  the  lowest  fuel  penalty  for  a 
given  required  heat  input  rate  (e.g.,  6500  kJ/min). 

Although  research  into  all  these  heat-input  techniques  should  and  will  be  continued, 
the  results  of  the  present  studies  indicate  that  the  engine-driven  electric  heater  may 
offer  a reasonable  trade-off  between  heat  input  rate  and  fuel  penalty.  This  technique 
may  also  have  an  additional  advantage  over  the  others  because  auxiliary  ground  power  could 
be  used  for  tank  heating  while  the  aircraft  is  on  the  ground  with  the  engines  off.  This 
could  be  important  for  operations  in  extremely  cold  climates.  The  very  iarge  fuel  penalty 
associated  with  the  weight  of  effective  tank  insulation  certainly  minimizes  the  attractive- 
ness of  this  approach.  Although  these  results  were  based  on  calculations  and  experimental 
verification  is  still  needed,  they  do  help  to  focus  the  research  and  development  needed 
to  provide  the  technology  that  will  allow  fuel  freeze-point  speci f ications  to  be  relaxed. 


CONCLUDING  REMARKS 

The  objective  of  this  paper  was  not  to  discuss  or  debate  the  advisability  of  using  re- 
laxed fuel  specifications  for  future  aircraft  applications.  Rather,  the  intent  was  to 
point  out  and  discuss  some  of  the  problems  that  could  arise  if  these  fuels  must  be  used 
and  to  illustrate  the  advances  in  engine  and  fuel-system  technology  that  may  be  needed 
for  these  fuels  to  be  acceptable  in  future  aircraft.  In  this  context,  then,  it  has  been 
stated  that  the  principal  fuel  properties  of  concern  are  those  related  to  increased 
aromatic  compounds  (lower  fuel  hydrogen  content),  increased  fuel-bound-nitrogen  compounds, 
higher  boiling  points  (reduce  volatility),  and  higher  freeze  points.  All  these  properties 
are  associated  with  the  relaxation  in  fuel  specifications  that  may  be  needed  to  provide  a 
larger  supply  of  petroleum-derived  jet  aircraft  fuels  and  to  reduce  the  degree  of  refining 
needed  to  convert  oil-shale-  and  coal-derived  crude  oils  into  acceptable  jet  aircraft  fuels 
in  the  future.  In  addition  to  these  fuel  properties,  increases  in  such  trace  constituents 
as  vanadium  and  potassium  may  also  be  of  concern.  Techniques  such  as  fuel  heating  may 
also  be  important. 

Potential  adverse  fuel  property  effects  on  engine  performance  are  related  to  probable 
changes  in  ignition  and  relight  limits  and  in  exhaust-gas  emission  levels.  Counteracting 
both  of  these  effects  will  require  advanced  combustor  technology  such  as  improved  or 
auxiliary  fuel  atomizers,  better  fuel-air  distribution,  and  mixing  and  lean  combustion 


techniques.  Counteracting  problems  related  to  component  durability  and  maintenance  will 
require  such  advanced  technology  as  improved  fuel  atomizers,  lean  combustion  techniques, 
thermal-barrier  coatings,  and  new  materials.  Solving  problems  in  aircraft  fuel  systems 
will  require  fuel-tank  heating  techniques  and  "tailored"  elastometer  materials.  Even 
though  preliminary  evaluations  of  several  of  these  technological  advances  have  been  en- 
couraging, considerable  research  and  development  is  still  needed  to  make  them  acceptable 
in  production  engines  and  aircraft  fuel  systems.  Furthermore,  the  ability  to  cope  with 
several  other  problems,  such  as  those  caused  by  variations  in  thermal  stability  and  by 
trace  constituents,  has  not  been  demonstrated  to  even  an  acceptable  experimental  level 
at  the  present  time.  The  factors  that  contribute  to  variations  in  thermal  and  chemical 
stability  are  not  well  understood  and  much  more  research  is  needed.  Turbine  erosion  and 
corrosion  problems  may  be  somewhat  relieved  by  using  coatings,  but  considerable  research 
is  needed  to  fully  understand  all  the  factors  that  contribute  to  these  problems. 

Because  of  the  many  unknowns  that  must  still  be  explored  and  explained  through  re- 
search and  development  efforts,  it  is  apparent  that  these  efforts  should  proceed  at  an 
orderly  and  timely  pace.  Although  it  is  unlikely  that  aircraft  will  have  to  operate 
with  the  wide  variation  in  fuel  properties  discussed  in  this  paper,  a sound  and  complete 
technological  data  base  must  be  developed  as  soon  as  possible  if  the  aircraft  industry  is 
to  have  any  impact  on  setting  acceptable  variations  in  the  specifications  of  future  air- 
craft fuels.  It  is  none  too  soon  to  start  developing  this  data  base  since  trade-offs  will 
have  to  be  made  to  determine  the  optimum  choice  between  the  cost  and  difficulty  of  develop- 
ing advanced  engine  and  fuel-system  technology  and  the  economic  advantages  to  be  gained  by 
reducing  the  degree  of  refining  needed  to  produce  current-specification  fuels  from  projected 
future  fuel  feedstocks. 
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TABLE  I.  - UTILIZATION  OF  HEATING  SYSTEMS  (FROM  REF.  19) 


Mission  length, 
km 

Winter 

months 

Summer 

months 

-19°  C fuel 

-29°  C fuel 

-19°  C fuel 

-29°  C fuel 

Flights  predicted  to  use 
percent  of 

fuel  heating 
total 

systems , 

3700 

53 

0 

45 

0 

5600 

59 

.1 

50 

| 

9100 

73 

5.  3 

59 

1 

Combined  utilization 

62 

1.8 

52 

♦ 

TABLE  II.  - COMPARISON  OF  POSSIBLE  FUEL  HEAT  SOURCES 


Maximum  heating 
rate  per  tank, 
kJ/min 

Weight 

increase, 

kg 

Fuel 

penalty, 
pe rcent 

Air  conditioning  system 

2200 

MM 

0 

Lubricating-oil  heat  exchanger 

4500 

■its 

' . 4 

Fuel  boost-pump  recirculation 

2100 

'.4 

Compressor  air  bleed 

6500 

3.9 

Engine-drive  electric  heater 

6500 

Wu 

.5 

Tail-pipe  heat  exchanger 

6500 

W.J 

. 1 

Insulation  - 2.5  cm  thick 

— 

5900 

14.6 

Equivalent  heating  by  combustion 

6500 

— 

. 4 
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Fig.l  Potential  problems  from  relaxing  jet  fuel  specifications 
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Fig. 2 Specific-fuel-consumption  performance  deterioration  trends 
for  typical  engine.  (.From  Reference  41 
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Pig  3 Combustor  ignition  characteristics  using  different  fuels,  (f  rom  Reference  51 
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Fig.  10  Effect  of  fuel-bound-nitrogen  content  on  total 
emissions  of  nitrogen  oxides.  (From  Reference  7) 
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Fig.  1 1 Effect  of  fuel-bound-nitrogen  conversion  efficiency  on  total  emissions 
of  nitrogen  oxides.  (From  Reference  7) 
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Fig.l  2.  Comparison  of  experimental  and  calculated  liner  wall  temperature:' 
over  a range  of  inlet-air  temperatures 
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rig.  1 5 Example  of  carbon  deposition  in  primary  /one  of  experimental  annular  combustor 
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big  1 4 Effect  of  fuel  hydrogen  content  on  maximum  combustor  liner  wall  temperature 


Fig.  1 3 


Comparison  of  experimental  and  calculated  liner  wall  temperatures 
over  a range  of  inlet-air  pressures 
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Fig.  16  Effect  of  fuel  hydrogen  content  and  volatility  on  carbon  deposition 


(b)  Zone  1 nozzle  demonstrating  moderate  amount  of 
streaking. 


(a)  Zone  1 secondary  nozzle  flowing  at  500  psi  (33  atm) 
and  showing  essentially  no  streaking. 


Fig.  1 7 Fuel  nozzle  spray  patterns 
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Fig.  1 8 Schematic  representations  of  environmental  attack 
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Fig.  19  Specific  weight  changes  for  three  modes  of 
"impurity"  associated  environmental  degradation 
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Fig.  20  Examples  of  deposits  and  cooling-hole  plugging  on  turbine  vane 


Fig. 21  Examples  of  typical  erosion  and  corrosion  distress  on  turbine  blade 
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Fig. 22  Schematic  representation  of  turbine-component  life-limiting  factors 
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Fig. 36  Fuel-lank  temperatures  for  a h.lOO-kilometer  (light  with  heating 
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Fig. 37  Effect  of  intermittent  heating  on  fuel  tank  temperature. 
Witle-body  jet.  9300-kilometer  mission.  (From  Reference  18) 
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Fig. 38  Reduction  of  fuel  heating  requirements  by  tank  insulation 
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ENGINE  COMPONENT  IMPROVEMENT  AND  PEREORM  ANl'E  RETENTION 

by 

William  H Sens 

Prill  A Whitney  Aircrati  Group 
United  Technologies  Corporalion 
Ea»l  Hartford,  Connecticut  Ob  I ON 

Three  general  methods  of  reducing  fuel  consumption  of  current  engines  are  listed  in  figure  I Cycle  improvement  can  be  incor- 
porated m growth  and  derivative  engine  models  by  changes  in  bypass  ratio,  overall  pressure  ratio  and  turbine  inlet  temperature  Com 
ponent  performance  can  be  improved  through  design  refinements  It  may  be  advantageous  to  incorporate  (hr  unproved  components 
into  existing  engines  during  routine  overhaul  m addition  to  incorporation  into  the  future  production  engines  Improved  engine  perfor- 
mance retention  through  revised  maintenance  procedures  and  improved  design  would  also  reduce  fuel  usage  lliis  lecture  will  discuss 
all  three  methods  of  current  engine  fuel  consumption  improvement 

The  importance  of  improving  the  fuel  consumption  of  current  engines  and  their  derivative  is  brought  out  in  f igure  2 Approxim- 
ately ifO  percent  of  the  predicted  world  commercial  aircraft  fuel  consumption  up  to  the  year  '000  will  he  burned  by  engines  that  are 
in  existance  today,  now  under  development,  or  derivatives  thereof  Thus,  improvement  in  the  fuel  consumption  of  current  engine  types 
and  their  denvatives  is  mandatory  if  a significant  savings  in  aircraft  fuel  consumption  is  to  he  mule  in  this  century 

An  example  of  cycle  improvement  in  a derivative  engine  is  the  relanned  JT8D-’0f . The  JT8D-'0f  (as  shown  in  f igure  .'I  incor- 
porates the  same  high  pressure  spool  as  the  IT8IVf  engine  currently  in  airline  service  It  has  a new  low  pressure  spool  with  a highei 
bypass  ratio  single-stage  fan  A picture  of  the  J I d|y_'0d  is  shown  in  figure  4 

figure  5 compares  the  primary  cycle  variables  of  the  JTNlf-  20f  with  the  current  JT8D-*>  and  J T8IV 1 7 engines  The  JT8D-21N  has 
a higher  bypass  ratio,  a slightly  higher  overall  pressure  ratio,  and  the  same  turbine  inlet  temperature  as  the  J I8IV0  engine  A more  ad- 
vanced JT8D  derivative  engine  under  study  (the  STE  517)  is  also  shown  The  STE  5 1 7 derives  its  high  spool  from  the  JT8I>- 1 7 and  in- 
corporates a further  increase  in  fan  diameter 


The  uninstalled  altitude  cruise  SET's  for  the  JT8D  derivatives  are  compared  with  the  JT8D-9  and  JT81VI 7 engines  in  figure  b 
The  SET  improvements  at  maximum  cruise  thrust  due  to  the  cycle  changes  in  the  JT8D-2M  and  STE  5 1 7 engines  aie  significant  The 
actual  gains  in  fuel  burned  are  lower  due  to  the  increased  weight  and  drag  of  the  largci  fan,  and  in  the  case  of  existing  airplanes  tin- 
engines  are  operated  at  a relatively  low  cruise  thrust  where  the  improvement  m SET  is  less 

The  NASA  Engine  Component  Improvement-Performance  Improvement  program  is  an  integral  part  of  the  ongoing  JT8D  and 
JT'fD  engine  fuel  consumption  improvement  program.  Hie  objectives  of  this  NASA  piogiam  an-  shown  in  figure  7.  The  goal  of  Vi 
fuel  savings  over  the  lif-timc  of  the  engine  includes  the  gams  due  to  component  performance  improvement  and  improved  engine  per- 
formance retention  Based  on  studies  conducted  to  date  the  Vf  fuel  savings  appeal  technically  feasible.  However,  further  performance 
testing  and  economic  evaluation  are  required  to  determine  how  much  of  this  improvement  is  economically  feasible 

An  economic  evaluation  procedure  has  been  developed  as  a part  of  the  NASA  Performance  Improvement  Program  which  1 believe 
is  somewhat  unique  The  general  procedure  is  shown  schematically  in  figure  8 The  engine  manufacturer.  Pratt  A Whitney  Aircraft, 
estimates  the  impact  of  each  of  the  component  improvements  on  the  engine  performance,  weight,  price,  and  maintenance  cost  The  air- 
craft companies  (Boeing  and  Douglas)  translate  these  into  changes  in  aircraft  fuel  burned  and  airplane  direct  opciatuig  cost  ITie  airplane 
perfonnance  and  economic  data  are  (hen  fed  into  TWA's  route  and  economic  simulation  This  simulation  calculates  the  impact  of  the 
component  changes  on  the  investment  required  to  incorporate  the  changes,  the  direct  operating  costs,  and  on  fuel  burned  for  TW  A'S 
route  system  It  also  calculates  the  period  of  time  required  for  the  savings  in  fuel  costs  to  pay  back  the  initial  cost  ol  incorporating  each 
of  the  improved  components  in  the  engines.  This  calculated  payback  period  is  then  compared  with  the  maximum  acceptable  payback 
period  as  determined  by  the  participating  airlines  If  the  payback  period  for  a given  component  improvement  is  greater  !han  the  maxi- 
mum acceptable  value,  the  improvement  is  rejected  If  the  payback  period  is  less  than  the  maximum  acceptable  tune,  the  cumulative 
fuel  savings  for  that  concept  are  calculated.  The  cumulative  fuel  savings  are  baaed  on  the  engine  market  protection  tor  sales  up  to  I WO 
as  determined  by  the  team  of  manufacturers  and  the  airline  operators  TWA.  American.  Dinted  l*a«  American,  and  Eastern  airlines 
have  been  active  as  consultants  in  this  economic  evaluation  and  are  members  of  (he  performance  improvement  ruination  team 

The  specific  component  improvements  to  be  tested  as  a part  of  the  NASA  Performance  Improvement  program  were  recommended 
by  PAW  A and  selected  by  NASA  based  on  consideration  of  the  cumulative  fuel  saving,  payback  |K-nod  (economic  attractiveness),  and 
the  experimental  program  cost  (see  Eigure  f). 

This  evaluation  procedure  is  an  effective  means  of  determining  which  of  the  many  potential  engine  component  improvements 
make  economic  senae.  We  plan  to  use  it  in  the  future  in  Connecticut  with  our  continuing  in-house  engine  improvement  program 


Eigure  10  shows  the  number  of  JT8D  and  JTfD  performance  improveminl  concepts  that  were  screened  and  processed  through 
the  detailed  evaluation  procedure  Programs  were  proposed  to  NASA  on  three  JT8D  and  five  JTfD  performance  improvement  concepts 

The  three  JT8D  performance  improvement  concepts  selected  are  shown  in  Eigure  1 1 along  with  their  calculated  payback  periods, 
improvement  in  aircraft  direct  operating  costs,  and  cumulative  fuel  savings  The  estimated  total  fuel  savings  is  about  .)  5 billion  litres 
(Of  billion  gallons)  through  the  15  year  life  of  engines  entering  service  through  I WO  These  performance  improvement  concepts  will 
be  discussed  in  subsequent  charts. 

The  revised  JT8D  high  pressure  turbine  outer  air  seal  concept  is  shown  in  Eigure  1 2.  The  current  blade  discharges  all  of  the  cooling 
air  at  the  blade  tip.  In  the  revised  scheme  most  of  the  cooling  air  discharge  is  relocated  to  the  suction  side  of  the  blade  by  plugging  ami 
drilling  the  current  blade  This  allows  the  addition  of  another  knife  edge  seal  on  the  blade  tip  and  the  extension  of  the  honeycomb  seal 
material  to  the  trailing  edge  of  the  existing  spoiler.  The  objective  is  a 0 5't  reduction  in  cruise  SET 


Hu1  J INI)  high  pressure  turbine  root  discharge  blade  (see  Figure  13)  incorporates  a (wo  pass  cooling  system  with  improved  cooling 
effectiveness  rhis  resluces  (he  cooling  air  required  and  eliminates  the  momentum  loss  due  to  the  discharge  of  cooling  air  on  the  suction 
side  of  the  blade  It  is  estimated  that  the  root  discharge  blade  will  provide  a 0 8*4-  reduction  in  fuel  consumption  beyond  the  revised  high 
pressure  turbine  outer  air  seal  configuration. 

Hie  JT8D  trenched  tip  high  pressure  compressor  concept  is  shown  in  Figure  14  flic  use  of  abradable  rub  strips  through  the  high 
pressure  compressot  permits  running  with  lighter  tip  clearances  A sprayed  Nichrome-polyestcr  abradable  appears  most  promising  based 
on  cost,  erosion,  and  abradability  considerations  It  is  estimated  that  the  tighter  tip  clearance  plus  a moderate  trenching  of  the  outer 
case  will  provide  a 2*4  improvement  in  compressor  efficiency  Hus  translates  into  approximately  0.9*4  reduction  in  cruise  fuel  consump- 
tion. 


Pie  selected  JT9|)  performance  improvement  concepts  are  listed  in  Figure  15  along  with  their  calculated  payback  period,  direct 
operating  cost  improvement,  and  cumulative  fuel  savings  The  total  potential  fuel  savings  is  over  9 billion  litres  (2.4  billion  gallons) 

The  improved  JT9D-7  fan  concept  is  shown  m Figure  lb  The  fan  performance  is  improved  by  the  elimination  of  one  of  the  part 
span  shrouds  and  by  incorporation  of  improved  fan  blade  aerodynamics  (multiple  circular  arc  cross  section).  Fan  blade  chords  are 
increased  in  order  to  avoid  blade  flutter  and  to  provide  satisfactory  foreign  object  damage  characteristics.  Pie  heavyweight  blade  has 
been  tested  extensively  to  provide  design  information  for  the  lightweight  blade  It  is  estimated  that  the  revised  fan  will  provide  a re- 
duction m block  fuel  consumption  of  I to  I V4*4- 

The  J T9D-7  trenched  tip  high  pressure  compressor  concept  is  shown  in  Figure  1 7.  Pie  concept  is  the  same  as  in  the  JT8D  high 
pressure  compressor  but  differs  in  mechanical  detail 


Figure  1 8 shows  the  improved  JT91V59/70  high  pressure  turbine  active  clearance  control  The  J T9D-59/70  high  pressure  turbine 
is  encircled  by  perforated  pipes  which  spray  fan  air  on  the  turbine  case  Pie  air  supply  is  turned  off  during  takeoff,  climb,  and  landing 
when  the  engine  is  subjected  to  the  most  severe  thermal  and  structural  loads  Since  the  case  is  hotter  with  the  air  turned  off,  thermal 
expansion  of  the  case  and  seal  supports  provides  larger  clearances  between  the  turbine  blade  tips  and  the  seals  Pie  cooling  air  is  turned 
on  during  cruise  and  the  shrinkage  of  the  case  and  seals  tightens  the  tip  clearance,  improving  turbine  efficiency.  Pie  unproved  system 
incorporates  increased  coolant  air  supply  and  a reduced  striking  distance  for  the  impingement  jets.  Pus  will  give  a greater  reduction 
in  outer  air  seal  diameter  at  cruise  and  therelore  a greater  improvement  in  cruise  SFC.  The  objective  is  a 0.9*4-  improvement  in  cruise 
fuel  consumption 

Ceramic  coating  of  the  J T9D  first-stage  nozzle  guide  vane  endwalls  ( Figure  1 9)  provides  a thermal  barrier  or  insulating  effect 
which  allows  a reduction  in  cooling  air  and  a consequent  performance  improvement  Further  development  may  allow  thermal  bamer 
application  to  vanes  and  blades  in  the  future 

The  JT9l>-7  graded  ceramic  high  pressure  turbine  outer  air  seal  concept  is  shown  in  Figure  '0  Pie  combination  of  a ceramic 
outer  air  seal  and  an  abrasive  blade  tip  provide  a considerable  improvement  in  abradability  relative  to  current  shroud /blade  material 
combinations  This  permits  use  ol  tighter  lip  clearances.  Also  the  ceramic  shroud  material  acts  as  an  insulator  thereby  reducting  cool- 
ing air  requirements.  A potential  cruise  SFC  improvement  of  0.41  is  estimated  for  this  concept  A picture  of  a JT9|)  blade  with  abra- 
sive blade  tip  and  a cross  section  of  the  ceramic  seal  is  shown  m Figure  71 . 

The  overall  benefits  ol  the  J T8D/JT9D  FCI  Performance  Improvement  programs  are  shown  in  Figure  77  Pie  total  estimated 
fuel  saving  is  nearly  I 3 billion  litres  (over  3 billion  gallons)  and  approximately  I 5 billion  dollars  at  an  assumed  fuel  cost  of  1 1 b cents 
per  litre  (40  cents  jier  gallon) 

I will  now  discuss  our  efforts  to  understand  and  improve  engine  performance  retention  Figure  73  shows  the  general  character- 
istics of  SFC  deterioration  for  a specific  engine  in  airline  service.  Piere  is  a rapid  initial  performance  deterioration  which  is  called 
short  time  deterioration  Then  a more  gradual  "long  term"  deterioration  occurs,  with  periodic  improvements  in  performance  on  engine 
removal  and  repair.  The  amount  of  performance  recovery  on  repair  depends  on  the  extent  and  nature  of  the  work  done  Pie  dotted 
line  shows  a typical  deterioration  for  an  average  repaired  engine  The  objective  of  the  performance  retention  technology  program  is  to 
reduce  the  SFC  deterioration  of  the  average  repaired  engine  by  between  1 and  31-  over  the  lifetime  of  the  engine 

lhe  cornerstone  ol  the  performance  retention  technology  elfort  is  the  NASA  J I 'd)  Fngme  Diagnostics  program  Pie  specific 
objectives  of  the  program  are  shown  in  Figure  74  lhe  bottom  line  is  to  recommend  performance  retention  techniques  for  current 
and  future  engines  through  improved  maintenance  and  operating  procedures  and  improved  design 

Task  I ot  the  engine  diagnostics  program  (Figure  75)  was  directed  at  gathering  and  analyzing  historical  data  on  performance  de- 
terioration and  engine  parts  usage  Performance  data  has  been  gathered  from  January  1st  1977  backward  as  far  as  possible  In  addi 
lion,  gas  path  parts  with  various  levels  of  usage  (time  and  cycles)  were  inspected  to  define  rates  of  change  in  dimensions  with  usage 
Pus  was  done  in  order  to  better  understand  the  losses  in  module  performance  and  to  correlate  this  with  parts  life  Pie  Hiving  and 
Douglas  aircraft  companies  and  Northwest,  Pan  American.  Trans  World.  United,  and  American  Airlines  participated  with  us  on  this 
part  of  the  program 

lask  II  (Figure  7b)  is  directed  at  collecting  new  data  on  in-service  engine  performance  deterioration  undei  more  controlled  condi- 
tions Performance  data  in-flight,  and  pre  and  post-repair  calibrations  are  being  gathered  on  Pan  American  747SP  aircraft  tleet  Dt 
mensional  data  and  parts  replacement /refiirbishment  data  is  also  being  collected  for  each  engine  shop  visit  in  order  to  correlate  the 
performance  changes  with  the  mechanical  condition  of  the  parts. 

Flight  load  data  is  also  critical  to  understanding  the  causes  of  engine  deterioration  The  feasibility  of  obtaining  m flight  loads  data 
has  been  examined,  and  the  possibility  of  proceeding  with  the  test  program  to  gather  certain  types  of  in  flight  data  is  under  considera- 
tion The  Hoeing  and  Douglas  aircraft  companies  have  participated  with  us  in  this  task 

Task  III  (Figure  77)  is  directed  at  determining  the  causes  of  short  term  performance  deterioration  Task  III  has  three  fundamen- 
tal parts  I ) Performance  monitoring  over  the  initial  life  of  selected  J T9IV7A  747SP  engines  Instrumented  testing  and  anal)  deal  tear- 
down  of  one  of  the  short  term  SP  engines  7)  Analysis  using  finite  element  methods  to  determine  critical  clearance  changes  undei 
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(light  toad  amt  transient  conditions,  and  performance  lakutalKm  to  determine  the  cftcvl*  ot  the  clearance  changes  on  specific  I net 
consumption  I ho  analvsrs  (iiwitil  ilctmmtton  during  acceptance  flight  testing.  amt  \hoit  term  and  long  trim  dcteiiotalion  in  air 
line  service  anil  > l Preparation  lot  teitmg  a I I'JIV  ’A  engine  on  the  \ ia>  teat  stand  nniler  \iniiilalr\l  aerodynamic  tlighl  km)  contli 
tn'ii'  to  determine  actual  clearance  changes  as  compared  to  those  predicted  h>  the  structural  analysis  piogtam  Ihi*  mil  provide  a more 
precise  calihiation  ot  the  clearance  predic tion  system  Hoeing.  Itouglac.  ami  Pan  American  ate  the  paiticipanls  in  1 avk  III 

lack  IV  (I  igure  .'HI  is  directed  at  understanding  the  cauws  ot  long  term  detenoratron  PAW  A ts  conducting  extensive  hack  to 
hack  (eating  on  specific  engines  being  lelurhishod  in  the  PAW  A Service  t enter  lire  remits  ot  lliese  teats  will  broaden  understanding 
ot  the  causes  of  deterioration  ami  ini|sact  ot  specific  module  ie|sans  on  perfonnaiice  teeswery 

I igure  N shows  the  areas  where  a laige  maioitlv  ot  detenoration  losses  occut  I ach  ot  these  areas  nia>  contribute  to  short  or  long 
term  deterioration  llie  purpose  of  the  program  u to  identity  the  role  each  area  plass  ami  to  determine  means  lor  restucing  the  losses 
in  current  and  future  engines  m an  economical  manner 

l leet  average  pre  repair  rSH"  detenoration  rates  were  defined  tin  those  operators  where  pre  tepau  data  was  available  (I  igure 
*01  the  test  data  was  plotted  versus  cycles  as  this  was  tourist  to  be  the  ugnilivant  variable  (versus  hours!  A significant  spread  in  the 
deterioration  rate  was  touml  between  airline  operators 

t he  niaior  reasons  tor  this  variation  are  associates!  with  mdtsidnal  operator  maintenance  standards  reladse  lo  the  mechanical  eon 
dtlton  of  the  gas  path  parts  lire  mechanical  condition  ol  the  > old  sec  tion  ot  the  engine  is  related  lo  cumulative  expsvauies  to  (light 
load  ami  erosion  and  Ihetefore  is  cyclic  related  lire  hoi  section  component  periormgnce  is  beliesed  to  he  irpau  standard  oriented 
Cumulative  eyelet  ot  hours  should  |»lav  a role  m hot  sec  tion  performance,  howesei.  the  data  dews  not  conelatc  with  either  It  does 
correlate  with  airline  huikl  standards  Phe  overall  imlivnlual  lleet  Ireml  Iherelore  is  established  hv  combination  ot  High!  length  and 
the  efforts  that  the  operator  has  mavle  historically  m maintaining  a low  level  ol  cumulative  damage  m gas  pslh  parts  Replacement 
practices,  repair  standards  and  in  paiticulai  the  standards  ulihresl  in  establishing  vleaiames  ate  most  important  I he  data  gathered  in 
this  program  should  provide  Ihe  guidance  needed  hv  reevaluate  historical  practices  amt  iesha|V  maintenance  programs  to  give  lower 
fuel  consumption  and  lower  operating  cost 

flic  distribution  ot  the  source*  ot  J td|i  engine  performance  detenoration  hi  component  is  shown  in  I igure  .1 1 lfic  increasing 
contribution  of  cold  section  component*  with  increasing  cv cles  can  be  obseived  from  the  historical  data 

lhe  prelim  mar  v model  of  Ihe  ill'll'  engine  performance  delenoiafion  hv  damage  mechanism  is  shown  m figure  !.'  lire  diort 
term  rapid  increase  m specific  fuel  consumption  is  due  almost  wholly  to  increase  m critical  seal  ami  Made  tip  clearances  due  to  (light 
load  effec  ts  IVlenoration  ol  tan  amt  compiesvor  iwitoimame  due  to  ers'sion  is  the  maioi  contributoi  lo  the  long  teim  engine  deteno 
ration  The  contribution  ol  the  turbine  lo  long  lenn  detenoration  is  relatively  email  tveause  ot  the  te>|uirement  lot  lelalively  fiecpicnt 
blade  amt  sane  placement  tor  duiabitllv  reasons  IVlailed  esammation  ol  paits  with  km<wn  usages  has  permitted  unproved  understand 
utg  ol  ihe  role  ot  pan*  condition  in  engine  component  performance  detenotalion  \n*’v  Heal  estimates  C>1  conuxveu'nt  iwitonname 
basest  on  these  part  condition*  suggest  then-  are  short  comings  in  om  understanding  that  need  to  be  corns  led  bv  additional  studies  amt 
component  testing  I he  eoniponent  performance  losses  versus  usage  model*  are  Ihetefore  preliminary  until  completion  ol  Ihe  additional 
work  planned 

1 1 gun-  " shows  the  effect  ol  erosion  on  the  1 I'M'  high  pressure  compressor  ninth  stage  blade*  llie  correlation  of  erosion  with 
eveles  lather  than  hours  eats  he  observed  Significant  erosion  of  five  blade  tip  v secure  beyond  approximately  JMV  lo  UXX'  cycle*  No 
discernible  difference  was  found  in  Ihe  erosion  rate  in  wing  mounted  engines  on  Ihe  IX'  10  ami  ’4"  airplanes  Sigmficautlv  lesa  ciosion 
was  evidenced  by  Ihe  tail  mounted  IX'  10  engine* 

Ihe  vgrMlnm  ol  erosion  with  usage  in  the  I I'M'  I Mh  stage  high  pressure  compressor  blades  is  shown  m I iguie  '4  live  steel  rear 
stages  of  Ihe  high  pressure  compressor  appeal  lo  be  levs  susceptible  lo  erosion  than  are  ihe  titanium  mid  stages 

A*  mentioned  earlier.  Ihe  primary  cause  ol  stunt  term  deterioration  ts  Ihe  effect  of  tlighl  loads  on  Ihe  engine  operating  clearances 
An  overview  ot  the  anali  Meal  model  which  simulate*  the  performance  lews  due  lo  tlighl  hvad  effects  is  presented  as  a llow  chart  m I ig 
me  " l he  sources  and  interplay  ol  dala  which  is  reunited  lo  simulate  Ihe  seal  ami  lip  clearance  damage  ami  performance  detenoration 
process  aie  illustrated  Hoeing  amt  IXniglas  ails  tall  defined  the  tlighl  profile,  selected  Ihe  opetating  conditions  where  iitasinium  tlighl 
loads  occur,  amt  defined  the  maximum  tlighl  load*  for  their  respective  aircraft  Hie  cflect  of  asv  metric  loading  on  engine  deflection 
was  calculated  hv  a N ASI  R AN  siiuctuial  model  which  simulates  the  engine  nacelle  pv  Ion  structure  Ifus  model  was  tointly  developed 
hv  Hiwing  ami  PAW  A llie  effect  ol  asisv  mmctrn  hvad*  ami  engine  transient*  on  Ihe  baseline  clearances  w err  calculated  b\  PAW  A ana 
Ivlical  procedure*  lire  riled  ol  oltsel  grinds  ami  ptis't  damage  were  taken  into  account  in  deteimining  local  interferences  lfrese  local 
interference*  pin*  the  ahradahilitv  factors  (the  relative  wrai  ot  blade  and  kmte  edge  seals  sersus  the  abradable  material  thev  nib  agamstl 
then  determine  Ihe  local  increases  in  clearance 

lhe  lews  in  component  performance  is  calculated  from  Ihe  average  clearance  increase  in  lhal  eomtH'irenl  live  lew*  in  RIV  is  then 
calculated  using  the  perfivrmance  influence  eoelYlctriil*  for  each  c-om|Xvneut 

Phe  NASIR.AN  Unite  element  nnsdrl  used  to  predict  the  slnictural  deflections  is  shown  in  f igure  *b  Ifus  anal*  tieal  model  was 
used  lo  pteslicf  the  effect  ol  engine  build  clearances  on  short  amt  long  term  deterioration  (figure  VI  lire  deterioration  is  evpnw«rd  m 
percentage  lews  tn  PSPV  relative  lo  lhal  engine's  performance  before  lust  flight  llie  deterioration  rate  lot  an  engine  build  with  mini 
mum  . learamvs  is  seen  lo  be  significantly  liigliei  Ilian  one  with  maximum  initial  clearances  However.  Ihe  (vet formative  ol  Ihe  engine 
built  on  Ihe  minimum  end  of  the  clearance  tange  is  alwav*  bettei  Ilian  lhal  of  one  built  initially  with  maximum  clearances 

figure  AM  compare*  Ihe  NASI  RAN  analytical  prediction  ol  she'll  term  detenoration  for  minimum  and  maximum  engine  build  clear 
ance  tolerance*  with  measured  engine  performance  test  dala  Most  ol  the  engine  test  data  points  tall  wtlhm  Ihe  hand  predicted  bv  the 
NASI  R AN  calculations,  and  the  average  data  vhow  about  Ihe  same  mciraso  m PSPV  with  flight  cv  clrs  as  the  N AS I R AN  data  lire  mea 
cured  deterioration  of  the  PA  A short  term  ’4  'SP  engine  (Pods  '4.11  tails  m the  middle  of  lhe  predicted  Kami 

Phe  N.ASPR  AN  predicted  deterioration  due  to  flight  loads  is  compared  with  the  airline  long  lenn  Heel  average  dala  in  figure  .!»  As 
noted  earliei  Ihe  tlighl  load  effects  .lie  Ihe  predominant  cause  of  performance  detenoration  up  through  ahout  'tXXl  flight  cycles 
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Ihe  Un  ruh  patterns  calculated  by  the  NASTRAN  model  are  compared  with  rub  patterns  measuied  in  the  PAA  SP  engine  P tvds  74.1 
after  141  flights.  and  in  a 747  certification  engine  in  f igure  40  The  conflation  of  predicted  and  observed  data  is  quite  good  In  tome 
stages  the  correlation  in  rub  pattern!  was  not  thin  good  However.  the  predicted  and  measured  average  a ear  data  agree!  well  in  all  stages 
I Tie  gwxl  correlation  between  calculated  and  observed  performance  deterioration,  average  rub  wear,  and  specific  rub  pattern!  gne!  u»  a 
pretty  lair  degree  ol  confidence  in  our  NASTRAN  analytical  model  However,  additional  work  i!  lequiied  to  further  |>ertecl  the  model 
including  X-ray  reeling  of  a J INI)  engine  under  emulated  High!  condition! 

I qture  4 1 summarizes  the  conclusions  on  tliglit  load  effect!  on  engine  performance  deterioration  Plight  load!  do  have  a ugnificant 
effect  on  performance  deterioration  The  modeling  work  carried  out  on  the  diagnostic!  program  has  unproved  ihu  uiideistanding  ol  diort 
term  delenoration  cauiei  The  correlation  between  the  analy  trcal  prediction  and  measured  clearance  change!  are  acceptable  However, 
turther  refinement!  are  J cored  to  belter  understand  specific  ruh  |<atlern  variation  In-flight  load  predrcUorii  are  needed  lor  use  in  the 
NASI  RAN  itrudural  program  m order  to  design  future  engine  inilallalioni  lor  minimum  engine  operalmg  clearance! 

Although  the  work  under  the  engine  diagnostic!  program  ic  lat  from  complete,  a number  of  preliminary  maintenance  action  irc- 
ommendation!  have  been  made  Some  of  the  uiaior  recommendations  are  listed  in  figure  4 ' fan  blatle  learling  edge  blunlnen  increase! 
with  time  due  to  the  effect!  or  erosion  with  resultant  performance  deterioration  It  is  recommended  *hal  the  fan  leading  edge-  shape  be 
restored  after  UXX)  cycles  l ow  pressure  compressor  tip  clearances  increase  w ith  tune  due  to  the  effects  of  erosion  of  the  rubber  outer 
air  seals  It  is  recommended  that  the  low  pressure  compressor  rub  strips  be  replaced  at  somewhere  between  ’ '00  and  '5(H)  cy  cles  The 
erosion  in  the  high  pressure  compressor  primarily  affects  blade  length  and  outer  air  seal  material  The  high  pressure  compressor  should 
be  completely  refurbished  between  'SOD  and  .1500  cycles  with  long  blades  and  new  or  refurbished  rub  strips  m all  stages  It  is  also  rec- 
ommended that  the  high  pressure  compressor  stators  as  well  as  the  blades  and  outer  air  seals  should  be  replaced  at  between  5 (XX)  to 
7000  cycles.  When  the  burner  is  repaired  the  dimensions  and  particularly  the  cone  angle  should  be  restored  and  the  fuel  (toggles  removed 
and  cleaned  lurbrne  durability  and  performance  loss  differences  between  the  airlines  can  be  traced  to  sanations  in  burner  re  pan  prac- 
tices More  precise  definition  of  which  dimensions  are  the  most  cum  al  must  await  furthei  testing  Performance  deterioration  in  the 
high  pressure  turbine  is  dominated  by  tip  clearance  considerations  It  is  essential  that  the  tip  clearance  be  set  within  a tight  tolerance 
band  on  turbine  restoration 


Hie  estimated  impact  of  the  suggested  performance  retention  actions  on  specific  fuel  consumption  are  shown  in  figure  4.1  The 
suggested  performance  recovery  actions,  amount  of  recovery  anticipated,  and  the  average  specific  fuel  consumption  recovery  have  been 
modeled  The  results  indicated  an  average  TSfC  recovery  of  IW  at  sea  level  conditions  over  the  .'(XX)  to  MXK)  cycle  interval  This 
corresponds  to  a recovery  of  -T  of  fuel  consumption  at  ty  pical  cruise  conditions 

A preliminary  cost  benefit  study  indicates  that  the  suggested  maintenance  actions  will  also  have  a favorable  effect  on  airline  econ- 
omics The  cost  of  the  additional  cold  section  and  burner  maintenance  procedures  tend  to  be  offset  by  the  beneficial  effect  of  these 
changes  on  turbine  maintenance  cost  fhis  is  a result  of  lower  average  turbine  inlet  temperature  levels,  lower  rotor  speeds,  and  improved 
turbine  inlet  temperature  profile  The  reduction  in  fuel  usage  then  gives  a net  reduction  in  aircraft  IXX' 

The  status  of  the  JTND  Tiigine  Diagnostics  program  is  summanred  in  figure  44  Task  I efforts  have  been  completed  Tasks  II, 

III.  and  IV  are  continuing  and  will  be  directed  ar  refilling  the  component  models  and  a better  understanding  of  the  effect  of  flight  loads 
on  deterioration 

figure  45  gives  an  overview  of  the  conclusions  and  recommendations  of  the  J INI)  engine  diagnostic  program  to  date 
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• Demonstrate  SFC  benefits  ol  JT8D  and  JT9D 

component  improvements 

• High  probaMty  of  production  incorporation 

• 5%  fuel  savings  over  engine  ifetime 


Figure  7 
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Figure  1 1 JTSD  Performance  Improvement  Concepts  Selected 


JTSP  Revised  HPT  Cooling  and  Outer  Air  Seal 
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Figure  1 7 JTVD  Trenched  Tip  High  Pressure  Compressor 
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Collection  and  analysis  of: 

• Historical  performance  data 

• Historical  parts  usage  and  repair  rate 

Participants 

• BCAC,  OAC,  PAA,  NW,  TWA,  UAL,  AL 

Figure  25  Task  I - Performance  Deterioration 
- Existing  Data 


Low  time  engine  test  and  analytical  refurbishment 
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Engine  x-ray  test  plan- 

• Tost  planolni 

• loading  device  conceptual  dasl|n 
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• Flight  data  gathering 

• Ground  facility  data  gathering 

• Flight  load  instrumentation 

feasibility  study 

• Participants  -BCAC, PAA, DACO 


Figure  26  Task  II  - In-Service  Engine  Performance 
Deterioration 


Internally  funded  P&WA  programs 


On-going  service  center  refurbishment 


Special  back-to-back  test  results 


Figure  28  Task  IV  - Long  Term  Deterioration 


Figure  27  Task  III  - Short  Term  Performance  Deterioration 
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Figure  SO  JT9D  Pre-Repair  Test  Data  Relative  To  New 
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Task  I completed 

• Pnllmlnat y definition  and  motftlt 

Task  II  continuing 

• Effect  if  npilr  procedures  on  recovery 

• Refined  componmt  motfilt  and  cist  benefits 

TASK  III  continuing 

• Refined  difinitlon-lmpict  of  flight  loads 

• Dynamics-analytical 

• X-ray  testing  plan  - III  I 

TASK  IV  continuing  (PIWA  funded) 

• Effect  of  modulo  replacements  repairs 

• Refined  component  models 

hltutr  44  Pro/trum  Status 


• "Avenge"  trend  and  level  of  deterioration  has 

been  defined 

• Specific  airline  trends  are  documented 

• Causes  of  deterioration  have  been  identified 

• Role  of  modules  vs.  usage  uncovered 

• Part  conditions  documented 

• New  modeling  techniques  developed 

• Recommendations  (preliminary)  presented 
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A genoial  outline  ol  iIif  material  to  tv  oovoretl  m (hit  leoture  it  given  in  I igutv  I 

Before  tliiouwmg  low  eneigt  toiiitimplion  enginet  ol  Ihr  llitiuv,  I wonhl  like  1o  hnellt  review  the  hotoi u at  ilcvelopment  of  mi 
pmvetl  t-iouotnt  in  am  tall  gat  Uuhinc  enginet  figure  ’ tliowt  IhF  hmomal  progrett  in  am  tall  gat  turhine  enure  eflkionvy  llio  <lala 
etlemlt  from  (ho  Mitt  I nglith  i Whittle  W I 1 a ml  liftman  (Von  Ohain  llo'  'hi  linhoiol  Might  onginot  up  (o  Imlat  t inotlom  high  In  iwu 
lalio  eommon lal  turhotan  onginot  M»o  thown  aiv  (ho  tinito  ollloionoiot  ol  tho  Napioi  Nomatl  tuthivompoinnl  ongino  ami  iho  oom 
mental  turhoprop  onginot  in  Iho  'O't  lho  eompmiml  ongino  ami  tonio  ol  Iho  tnrhoprop  onginot  hat)  aigintV  antlt  highn  onnto  oil! 
i unmet  than  Iho  eniitenipnrart  ,olt  01  lant  ilno  lo  Iho  Inghoi  piopnltion  olTloiom  t til  Iho  ptopollot  Howovei.  lho\  worn  reilrtelotl  lo 
lower  onnto  M.nh  nunihort  tlno  lt>  Iho  linntaliont  ol  Iho  pio|vlloi 

lho  amtalf  gat  tmhino  onnto  offloirnov  hat  iinpmvotl  ht  a laoloi  t'l  1 ovoi  Iho  font  tlooatlot  ol  ongino  ilovolopmoni  Stgnilioanl 
nnpitivoinonl  it  punliolotl  loi  Iho  Millin'  h\  Mnlhoi  ivMnomonl  of  Iho  ovolo  ami  piopnltion  ohaiao lontliot  lho  moivatot  in  ovniall 
itolo  prottlnv  tain'.  Inthino  inlol  tonipoiatoiv.  ami  oompiottoi  ami  luihmo  poltliopn  olHolonoiot  llial  liato  ationipaniotl  lint  ongino 
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ladot  an-  pnnoolotl  loi  (ho  Millin'  nllh  only  iihnIfiI  moivatot  m lurhino  inlol  loni|vralnn'  ami  o'oniptmenl  olHoiom lot 

ll  thonhl  lv  pomlotl  out  (lul  il  it  an  aohtovontonl  ovon  lo  inanilani  oontlanl  oonnntnonl  ollloionoiot  ttlnlo  inoioating  oomprrttton 
talio  ami  lurtnnr  inlol  loinivialuivt  liuenl  toinponont  olMoiomt  it  moiv  tlilVionll  lo  aoluoto  al  Ingltoi  piottniv  laliot  tlno  lo  Iho  tmnl 
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lurot  loml  lo  tlogiatlo  Inihino  oflkionoy  tlno  lo  inorratotl  tooling  ail  retpitrementi  ami  loaf, ago 


I ulunr  gat  Inihino  ollUionoy  nnpnnoiiioiit  tan  lolhnt  two  |>alht  that  arr  not  iniitiially  oyohitito  (figure  ’1  lho  llitl  path  it  Iho 
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appioaoh  wonhl  ilovolop  an  allornalivo  ovolo  in  atltlition  lo  oonlinuotl  oompononl  roMnomonl 


hint.  1 will  iliv  ntt  lho  powihihtwt  lot  Mnlhoi  ovolutton  ol  Iho  Mirhofan  powoiplant  ami  tomo  ol  Iho  woik  Dial  it  gtnng  on  Imlat 
lo  hung  about  Ihoto  impiotomonlt 


lho  loom  ol  out  long  toon  tiiiholan  In  hnoktgt  impnivonionl  it  Iho  NASA  Inoigt  HTtoionl  I'ligmo  1 1 1 ' I'togtam  I igmv  S 
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athlotl  ohioolivo  it  a MW  rotlnotion  m |vilormanoo  tlrlrrioralion  rolalito  (o  Iho  I l'4|>  1 A 


Iwo  otalualion  aireralf  wore  uartl  at  a gunlo  in  making  tlotign  ilotitiout  in  Iho  1 ' progiam  (Soo  f igure  lho  auvralf  impure 
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tlomotlit  (mol  oarrt  mg  440  patvngort  with  a ilotign  tango  ol  "MM  k Holin' tort  An  atoiago  tlago  longlli  >>l  I 100  kilomoloit  wat  utotl 
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lango  ol  10. '00  kilomoloit  ami  Iho  Miol  humotl  ami  ilireot  oivialmg  ootlt  oahulatool  loi  an  atoiago  tlago  longlli  ol  I ’00  kilomoloit 


llio  oak'ulatotl  ollool  ol  luihmo  inlol  tompoiatun'  ami  otoiall  provnno  ratio  on  Iho  Miol  humotl  ht  Iho  mloiuatnuial  tpiathot  it 
thown  m I igure  10  lakoofl  lurhino  loinivialure  it  thown  on  (ho  torfioal  tonio  ami  otoiall  piottniv  inlio  tin  (ho  honronlal  «t alo  with 
t onlomt  ol  oontlanl  I’uol  humotl  A Ian  prowlin'  ratio  ol  I '4  wat  awimiotl  ami  ht  paw  inlto  athutlotl  al  oath  pt'inl  lo  goo  minimum 
Miol  oontumpfkm  Ihit  appmaoh  greet  noar  oplumim  Miol  oonaiitnpltoii  al  oath  ol  Iho  iwmhmaliont  ol  liulnno  miol  loinivialure  ami 
otorall  prowiuv  lalio  I'ompononl  olTit  ionoiot  wore  awnmotl  oontnlonl  willi  a 148'  tlotign  limo  NAilh  Ihoto  attumplitmt.  mtinniiiin 
Miol  humotl  ivoum'il  al  a prettuiv  lain'  appittat  hmg  '0  ami  lakoofl  luihmo  miol  loinivialure  ol  appnitnnalolt  14  I0"V  I .'hlO'l  ' 
11m  poworplant  ovolo  wonhl  pnivklo  ahonl  a '‘V  ivtlno Mon  m Miol  hnrnoil  n'lalito  to  a 1 1'0!'  otolo  ongino  mooipoiatmg  lho  tamo  ail 
tain  oil  loolinologt  ll  thonhl  ho  nototl  Dial  Ihoto  it  only  a tinall  gam  lo  lv  mailo  in  Inol  hmnoit  ht  laiting  Iho  luihmo  mini  tompoin 
Mire  ahoto  lho  ourronl  I V4I1  lovolt 


l ho  tanalion  m ht  paw  talio  that  givt  ahmg  w ilh  iho  iliflorent  taluot  ol  Inihino  miol  lomivialure  ami  otoiall  prewnre  lalio  it 
thown  m f igure  1 1 Ht  paw  talio  it  toon  lo  moroato  tapnllt  with  unreating  Inihino  loinivialure  ami  lo  ilooivato  tlottlt  twill  meivatmg 
otorall  prewnre  talio 

Unit,  ono  wonhl  ohoow  a high  otoiall  provtino  talio  lot  Iho  I ’ in  onloi  lo  mmimiro  Iho  amount  ol  Miol  humotl  Howrvoi.  in 
treating  lho  ovoiall  prewnre  ratio  ami  intreating  (ho  Imhmo  miol  loinivialure  holh  loml  lo  mtreaao  imlial  ongino  tot  I ami  ongmo 
mamlonamo  totl.  ovort  Hung  olto  Iving  o>pial  Ihoto  olfoolt  loml  lo  oountoihalamv  Iho  otonomn  ailtanlagot  ol  Iho  lowoi  Miol  humotl 
An  otonomn  tlutlt  ttat  itintliK'trtl  lo  ovalualo  (ho  o limit  ol  Iho  tlotign  variahlot  on  airvrall  illiool  oivialmg  totl  ilHHI  Iho  retiillt 
ol  Iho  otonomn  otalualion  lot  tnfontalional  tpiatllol  are  thown  m I igure  I whore  oonlourt  ol  oontlanl  attviafl  tlireol  oivialmg  ootlt 
are  plollotl  at  a Mint  lion  ol  lho  primary  otolo  tanahlot  llvv  retullt  are  hatvtl  on  tho  uto  ol  II  4 oenft  |vi  litre  Miol  amt  |4"tvono 
mn  ittnmpliont  Iho  tiro  ol  iho  antialf  ami  lit  powotplanlt  wore  ailpittml  lo  gito  lho  tamo  patloail  ami  langt  loi  oaoh  oomhmaln'n 
ol  prewnre  taint  ami  lurhino  loinivialure  ami  prn'Otl  aeeorelmglt  llio  loplaot'inonl  life  ol  llio  hoi  toolion  gat  paih  pant  wat  awnmotl 
oontlanl  (at  motal  loinivialure  wat  holil  oontlanl  ht  tatting  llio  amount  ol  eoolmg  an  I lho  pi  no  ol  llio  hoi  toolion  pailt  wat  m 
i iravit  with  nn  ivatmg  prewnre  rain'  ami  luihmo  loinivialure  lo  aovtuml  lot  Iho  moivatot  I ottmplovllt  ol  llio  omiloil  pailt  I’mloi 


these  assumptions  the  optimum  direct  operating  costs  occur  at  a compression  ratio  slightly  above  40  and  at  the  JT9D-7  level  of  tur 
bine  inlet  temperature.  However,  the  primary  cycle  variables  can  be  varied  over  a fairly  wide  lange  without  significantly  affecting  the 
direct  operating  costs. 

It  is  likely  that  in  the  future,  fuel  costs  will  increase  more  rapidly  than  the  other  aircraft  direct  operating  costs  This  would  make 
higher  engine  pressure  ratios  even  more  attractive  economically  rherc  is  no  economic  incentive  to  Increase  turbine  inlet  temperature 
above  today's  operating  levels 

As  a result  of  these-  and  more  detailed  studies,  the  I * design  parameter  were  selected  as  shown  in  Figure  1 .1  The  corresponding 
J VVIK7A  engine  values  are  given  for  comparison.  An  overall  pressure  ratio  of  lit  and  a combustor  exit  temperature  of  I475“C 
(7600°F)  were  chosen  as  giving  the  best  balance  between  potential  fuel  consumption  improvement  and  program  risk  A by  pass  ratio 
ol  6.5  was  selected  on  the  basis  ol  achieving  the  best  combination  of  installed  weight  and  performance  Hie  fan  pressure  ratio  was  set 
slightly  above  1 .7  in  order  to  achieve  best  performance  and  to  set  the  primary  jet  velocity  at  a level  such  that  noise  levels  4 dH  below 
I A R 36-7  could  be  achieved.  A Ian  tit'  speed  of  455  meters  |*er  second  1 1 5tKl  fps)  was  selected  in  order  to  achieve  acceptable  fan  sta- 
bility margin  at  the  desired  fan  pressure  ratio  level  The  I engine  incorporates  an  exhaust  stream  mixer  in  order  to  further  improve 
fuel  consumption  and  reduce  jet  noise  levels 

The  exhaust  stream  mixer  transfers  energy  from  the  turbine  exhaust  gas  to  the  fan  exit  ait  by  mixing  If  done  efficiently,  this  can 
provide  a 5 to  5%  improvement  in  specific  fuel  consumption  at  maximum  cruise  conditions  relative  to  a non  mixed  engine  of  the  same 
diameter 

Figure  14  shows  a picture  of  an  exhaust  mixer  that  is  being  developed  as  a part  of  the  JT8P-709  engine  This  is  a convolted 
mixer  of  advanced  design  and  high  efficiency.  Pratt  A Whitney  Aircraft  has  also  tested  a number  of  small-scale  models  of  convoluted 
mixers  for  high  bypass  ratio  engines.  Some  of  the  model  test  results  are  shown  in  Figure  1 5 Mixer  efficiency  is  plotted  as  a function 
of  the  mixer  length  to  diameter  ratio.  The  F-'  mixer  efficiency  goal  is  higher  than  those  demonstrated  by  the  model  tests  Further 
mixer  design  analysis  and  model  testing  is  planned  Hopefully  the  85'f  goal  of  the  F'1  program  can  be-  met. 

Figure  16  shows  the  estimated  effect  of  the  exhaust  mixer  on  the  !■  ' engine  characteristics  and  aircraft  performance.  A potential 
reduction  of  over  471  m fuel  burned  and  approximately  7T  reduction  m aircraft  IXH'  relative  to  a non-mixed  engine  is  shown  These 
preliminary  studies  do  not  include  such  effects  as  wing  interference  drag  and  possible  pylon  and  wing  weight  penalties  Further  effort 
m design,  mixer  model  testing,  and  nacelle/wing  wind  tunnel  model  testing  is  required  to  determine  whether  the  estimated  mixer  bene- 
fits can  be  made  a reality  The  potential  of  the  mixer  is  sufficient  to  warrant  such  an  evaluation  program 

The  use  of  gearing  between  the  low  pressure  compressor  and  fan  was  seriously  considered  m the  l ' study  The  use  of  the  gear 
permits  lower  fan  tip  speeds  and  higher  bypass  ratios  (both  of  which  favor  lower  fuel  consumption  and  lower  noise)  without  compro- 
mising the  design  of  the  low  pressure  compressor  and  low  pressure  turbine.  A cross  section  of  the  geared  engine  is  shown  in  Figure  I 7 
The  geared  engine  is  more  complex  in  that  it  incorporates  the  added  gearbox  component  and  an  air-oil  cooler  to  reject  the  gear  genera- 
ted heat.  Some  sort  of  safety  provision  would  be  required  in  order  to  prevent  turbine  rotor  run  away  in  the  event  of  a serious  gearbox 
failure. 

Figure  1 8 shows  the  effect  of  bypass  ratio  on  the  cruise  fuel  consumption  of  the  direct  drive  and  geared  fan  engines  Figure  I U 
shows  the  corresponding  variation  in  fuel  burned  for  the  intercontinental  aircraft  operating  at  its  average  stage  length,  and  Figure  70 
the  aircraft  direct  operating  costs.  A bypass  ratio  of  6)5  was  selected  for  the  direct  drive  engine  and  a bypass  ratio  of  U for  the  geared 
engine  based  on  obtaining  near  minimum  operating  costs  and  fuel  burned  These  evaluation  studies  show  the  geared  fan  engine  to  have 
approximately  1%  lower  fuel  burned  than  the  direct  drive  engine  and  about  I '5  higher  aircraft  direct  operating  cost  A comparison 
of  some  of  the  key  design  parameters  of  the  geared  and  non-geared  engines  is  shown  in  Figure  7 1 . 

fhe  direct  drive  engine  was  selected  for  F1  as  the  1%  fuel  burned  advantage  of  the  geared  fan  engine  was  not  judged  sufficient  to 
offset  its  increased  cost  and  added  complexity  and  risk 

A preliminary  layout  of  the  l ' engine  is  shown  in  Figure  77.  It  is  a two-spool  engine  configuration.  The  high  spool  incorporates  a 
14  1 pressure  ratio  10  stage  compressor  driven  by  a single-stage  high  pressure  turbine  The  burner  is  a two-stage  Vorbix  combustor  de- 
sign evolving  from  the  NASA  (’lean  Combustor  Program.  The  high  pressure  rotor  is  straddle  mounted  between  two  bearings  The  low 
rotor  consists  of  a single-stage  shroudless  hollow  titanium  fan  and  a tour-stage  low  pressure  compressor  driven  by  a four-stage  low  pres- 
sure turbine 

The  engine  incorporates  just  two  mam  support  sections  located  directly  before  and  after  the  high  pressure  rotor.  The  fan  ducts 
are  structurally  integrated  with  the  engine  in  order  to  minimize  engine  deflection  and  clearance  changes  under  (light  load  conditions 
Pie  engine  also  incorporates  an  exhaust  stream  mixer  just  upstream  of  the  propulsion  nozzle  Duct  noise  attenuation  treatment  is  mte 
grated  with  the  duct  structure 

Planned  advanced  design  features  for  the  F ' are  listed  in  Figure  73.  Pie  design  features  are  listed  in  three  categories  those  that 
primarily  improve  TSFC.  those  that  improve  weight  and  cost,  and  the  one  which  improves  emissions  Some  of  these  technologies  will 
be  discussed  in  more  detail 

The  principle  of  the  supercritical  airfoil  providing  shock  free  flow  at  high  subsonic  Mach  numbers  is  shown  on  the  right  hand  side 
of  Figure  74  A conventional  airfoil  with  flow  acceleration  to  supersonic  speeds  and  a consequent  shock  wave  is  shown  on  the  left 
l united  cascade  testing  of  the  supercritical  airfoils  has  shown  an  increase  in  blade  critical  Mach  number  relative  to  conventional  double 
circular  arc  airfoils  and  low  losses  over  a wider  range  of  incidence  angles  at  all  approach  Mach  mimheni  (see  Figure  75)  Pus  gives  pro- 
mise of  improved  efficiency  at  both  design  and  off  design  condition. 

Recent  studies  of  engine  deterioration  conducted  under  the  NASA  F'ngine  Component  Improvement  Fngine  Diagnostics  Program 
have  indicated  that  the  major  causes  of  engine  performance  deterioration  are  the  nibbing  out  of  the  blade  lip  and  seal  clearances,  and 
erosion  of  the  Ian  and  compressor  airfoils  The  I -'  design  incorporates  a number  of  features  to  help  minimize  deterioration  due  to 
these  cause*  (See  Figure  76)  Among  these  features  an-  the  structurally  integrated  fan  ducts  which  minimize  engine  deflection  under 
flight  loads,  and  the  use  of  active  clearance  control  to  open  up  the  compressor  and  turbine  blade  tip  clearances  under  flight  conditions 


where  engine  lianxients  4ml  tlimh I loads  »uuM  be  anik  ipated  lo  cause  blade  lip  ami  seal  weal  I ower  aspect  ratio  blading  along  with 
notion  mount  matings  will  hr  uscsl  in  thr  compressor  to  minimize  thr  effect  of  erosion 

I hr  tingle  rrystal  niatriial  utrtl  in  thr  I 1 turhmr  anloilt  it  an  evolution  trom  out  earlier  work  on  directionally  tolidilird  turbine 
anfoilt  Figure  77  thowt  I I'd!)  hladr  castings  ol  conventionally  cant  material  directionally  tolidifird  material  w ith  columnar  giamt 
aligned  with  the  primary  tlrett  ax  It  of  the  blade,  and  tingle  crystal  blades  formed  from  a tingle  grain  with  no  gram  bound  arses  m the 
blade  Directionally  tolidilird  turbine  blades  are  now  incorporated  in  several  ITUD  production  models  Single  crystal  tin  bine  blades 
have  undeigone  successful  engine  testing  and  are  continuing  m development 

Ihe  patented  process  of  casting  both  thr  directionally  tolidilird  and  thr  ample  crystal  blades  is  illustrated  m Figure-  'ft  I he  pits 
cess  begins  with  the  pouring  ol  molten  metal  mt  lb-  mold  In  thr  cave  ol  the  directionally  solidified  blades,  water  chills  thr  base  plate 
and  the  glams  are  lormed  along  the  vertical  a>is  as  blade  is  slowly  withdrawn  from  thr  furnace.  In  the  case  of  the  single  crystal 
blades,  the  tame  process  it  used  However,  the  hellcat  selector  permits  only  a single  grain  to  pavs  up  into  the  blade,  and  as  the  blade  it 
withdrawn  from  the  furnace  it  is  lormed  by  a single  gram  of  the  material  Current  directionally  solidified  hLde  production  facilities 
can  readily  be  used  to  cast  single  cry  stal  blades 

The  absence  of  gram  boundaries  means  thr  single  crystal  alloy  does  not  require  thr  constituents  normally  required  to  strengthen 
the  grain  boundaries  - Carbon.  Boron,  Hafnium,  and  Zirconium  The  result  is  that  unproved  alloy  s can  be  developed  having  increased 
strength  and  temperature  capabilities  figure  '*>  shows  that  the  current  single  crystal  material  has  a 78°(’  t SO* l I highri  creep  capabi- 
lity than  the  directionally  solidified  material  at  the  same  stress  level  Advanced  alloys  undei  development  will  provide  an  additional 
78“C'  (50“F)  increase  in  metal  temperature  capability 

Figure  .10  shows  that  the  relative  low  cycle  fatigue  life  of  the  single  crystal  material  is  also  clearly  superior.  For  a given  applied 
stress,  the  LCF  life  of  the  single  crystal  material  is  eight  tunes  that  of  the  conventionally  cast  material  and  twic-  that  of  the  direction 
ally  solidified  material 

An  improved  high  temperature  disk  material.  MFRL  7b.  is  under  development  and  will  he  available  for  thr  1 ' program  Figure  .1 1 
compares  the  properties  of  Ml  Rt  7b  with  two  of  the  alloys  now  in  commercial  service  1'he  improvement  m bore  strength,  stress  rup- 
ture temperature  capability  at  run  stresses,  and  relative  LCF  life  provided  by  MFRI  7b  are  quite  significant 

Figure  .1  7 shows  the  relationship  between  efficiency  and  rim  speed  for  high  pressure  turbine  stages  A single-stage  high  pressure 
turbine  driving  a 14  I high  pressure  compressor  requires  a very  high  run  spe.-d  (approximately  570  m/secl  in  order  to  achieve  a reason- 
able efficiency  level  This  is  about  7(>f  higher  than  the  turbine  run  speed  required  for  a comparable  engine  designed  using  a two-stage 
high  pressure  turbine  Ihe  highly  loaded  single-stage  has  inherently  lower  efficiency  than  the  two-stage  design  as  a result  of  the  high 
Mach  numbers  required  in  Ihe  no/rle  guide  vanes  and  blading 

A comparison  of  the  1 ' and  JT4D-7  high  pressure  turbines  is  given  in  Figure  .CV  The  F-'  turbine  delivers  more  work  per  kilogram 
of  gas  in  one  stage  than  the  JT*>D  turbine  does  in  two  An  increase  in  rim  speed  of  505  is  required  to  accomplish  this  Since  stresses 
tend  to  increase  with  the  square  of  the  rim  speed,  considerable  refinement  in  the  design  of  the  blade,  its  attachment,  and  the  disk,  as 
well  as  materials  improvement,  will  be  required  in  order  to  achieve  satisfactory  commercial  life  For  instance,  it  is  necessary  to  (a|>er 
blade  thickness  from  root  to  tip  in  order  to  reduce  blade  root  and  attachment  stresses  Our  objective  is  to  reduce  the  turbine  cooling 
and  leakage  air  by  a factor  of  almost  7 through  the  use  of  a single-stage  turbine  incorporating  unproved  single  crystal  alloy  airfoils. 

The  biggest  potential  payoff  of  the  single-stage  turbine  is  the  large  reduction  in  the  number  of  high  pressure  turbine  airfoils,  about 
80  percent,  that  ap|>ears  achievable  by  use  of  advanced  materials  Since  high  pressure  turbine  airfoils  account  for  approximately  one 
third  of  today's  high  bypass  ratio  turbofan  engine  maintenance  material  costs,  this  airfoil  reduction  could  substantially  reduce  costs  if 
the  airfoil  parts  lives  and  costs  can  be  maintained  at  today's  levels 

As  shown  by  Figure  ,T4.  MF  RI  7b  advanced  disk  material  is  required  in  order  to  achieve  disk  life  and  burst  margin  design  require- 
ments Dse  of  a current  material  in  the  high  pressure  disk  would  require  a significant  increase  in  the  number  of  rotor  blades  in  order  to 
achieve  an  acceptable  burst  margin  This  increase  m blade  count  eliminates  the  potential  operating  cost  advantage  of  a single-stage  high 
pressure  turbine 

The  estimated  completion  dates  for  the  major  tasks  of  the  NASA  f ' program  are  shown  in  Figure  55  This  program  will  provide 
the  substantiation  of  the  technologies  required  to  design  a commercial  turbofan  in  the  mid  80’s  having  the  capability  of  1 7 to  1 5‘T  re- 
duction in  specific  fuel  consumption  compared  to  today's  high  bypass  ratio  turbofans 

Next,  1 will  discuss  the  potential  alternative  cycles.  Figure  ih  lists  the  alternative  cycles  evaluated  under  the  NASA  study  of 
“Unconventional  Aircraft  Fnguies  Designed  for  l ow  Fnergy  Consumption".  Alternative  primary  cycles  and  propulsors  were  evaluated 
The  check  marks  indicate  the  more  attractive  cycles  which  will  be  discussed  further 

A comparison  of  the  thermal  efficiency  of  the  most  attractive  primary  cycles  is  shown  in  Figure  .57  The  regenerative  and  com- 
pound engine  cycles  with  projected  future  technology  could  potentially  provide  thermal  efficiencies  comparable  to  the  simple  gas  tup 
bine  cycle.  However,  they  are  hcaviet.  more  bulky,  and  considerably  more  complex  Thus,  primary  cycles  other  than  the  high  pressure 
ratio  do  not  appear  attractive  at  this  time  for  large  commercial  aircraft  powerplants 

Propulsive  efficiency  is  a key  parameter  in  discussing  propulsors  The  effect  of  propulxor  diameter  on  the  ideal  propulsive  effi- 
ciency at  Mach  0 8 is  shown  in  Figure  .58  Conventional  turbofans  and  conventional  propellers  are  shown  on  thr  two  extremes  of  the 
curve.  There  is  an  intermediate  diameter  on  the  order  of  twice  the  diameter  of  a conventional  turbofan  that  appears  of  interest  in  that 
it  approaches  the  ideal  propulsive  efficiency  of  a conventional  propeller  and  is  about  half  its  sire  There  are  two  propulxor  candidates 
that  fall  into  this  diameter  range,  the  shrouded  propeller  and  an  advanced  propeller  concept  called  a prop-fan 

The  propulsive  efficiencies  of  a conventional  turbofan,  a shrouded  propeller  of  I I fan  pressure  ratio,  and  an  advanced  propeller 
(prop-fan)  with  a I 05  pressure  ratio  are  shown  in  Figure  W The  ideal  propulsive  efficiency  is  shown  for  each  of  these  propulsors  and 


thou  corresponding  installation  lours  Both  I he  shrouded  propeller  and  the  prop-tan  olTcr  the  potential  of  significantly  higher  propul 
us-r  efficiency  than  a conventional  turbofan  However,  a more  detailed  inveatiaation  ol  the  shrouded  propeller  uncovered  serious  sta- 
bility end  weight  problems  Therefore,  the  prop-tan  was  selected  for  further  investigation 

A picture  of  a prop-fan  model  is  shown  in  f igure  40  Tire  prop-fan  uses  8 to  10  relatively  low  aspect  tatio  blades  The  blades  aie 
swept  back  neat  the  tip  for  improved  cruise  performance  and  reduced  noise  The  blades  are  ol  spai  and  shell  construction,  similar  in 
m«jot  aspects  to  current  proven  production  designs  Ihe  blades  consist  of  a flattened  metal  tube  spar,  a composite  autoil  shell,  and  a 
titanium  leading  edge  sheath  foi  foreign  obiect  damage  and  erosion  protection  This  configuration  has  been  analytically  shown  to  meet 
the  aerodynamic  and  structure  lecjuurinents  Uncontained  blade  fragmentation  is  not  considered  to  be  a major  problem,  based  on  bO 
million  hours  ol  propeller  operation  without  a single  incident  The  nacelle  is  contoured  to  decelerate  Ihe  How  entering  the  root  section 
of  the  blades  lhis  flow  deceleration  is  teepnred  in  older  to  avoid  exceeding  the  cntical  Madi  number  of  Ihe  blading  neat  the  root  The 
prop  fan  disk  loading  is  approximately  4 times  that  of  a conventional  pro|<cl!ct 

Some  of  the  prop-fan  design  parameters  are  compared  with  the  Flectra  propeller  in  f igure  41  Ihinnei  blade  sections  are  used  to 
achieve  the  high  blade  critical  Mach  numbers  rrc)uired  lot  efficient  0 8 Mach  nunthci  cruise 

Three  prop-fan  models  ol  r:  2i  cniu'4  5 ml  in  diamctei  were  fabneated  and  wind  tunnel  tested  to  determine  then  performance 
figure  4'  shows  a picture  of  a blade  trout  each  of  the  models  The  work  was  done  by  Hamilton  Standard  undei  contract  from  NASA 
I ewis  Ihe  latest  model.  SK  I.  incorporates  increased  sweep-back  m the  tip  region  in  order  to  improve  cruise  efficiency  and  to  reduce 
Ihe  near  field  noise  level  at  cruise  and  climb  conditions 

Krsults  from  the  prop-fan  model  tests  aie  compared  with  the  goal  efficiencies  in  I igure  4.1  Ihe  SK  I model  gave  the  best  effi- 
ciency at  Mach  0 8.  and  was  within  1 4k  of  the  goal  These  results  give  a high  degree  of  confidence  that  the  8lM  goal  can  be  exceeded 
with  further  refinement  This  represents  a significant  advance  in  flight  Mach  numbei  capability  relative  to  Ihe  |4S()  propellers 

Ihe  prop-fan  powered  aircraft  must  have  cabin  comfort  levels  (noise  and  vibiation)  that  ate  comparable  to  turbolan  powered  air 
craft  in  order  to  gam  airline  and  pavsenget  acceptance  Achievement  of  this  goal  will  be  difficult  as  the  fuarlage  is  m the  direct  noise 
field  of  the  prop-fan,  wliers-as  inlet  and  exhaust  ducting  shield  the  fuselage  from  turbolan  tan  noise 

Iheie  are  several  features  of  the  prop-fan  which  w ill  tend  to  improve  cabin  noise  relative  to  conventional  propellers  Ihe  smaller 
diameter  of  the  prop-fan  permits  Una  (ion  further  from  the  fuselage,  and  its  thinner  swept  back  tips  will  reduce  the  level  of  noise  gen 
erated  However,  extensive  fuselage  noise  attenuation  treatment  will  probably  also  be  tevpiued  in  otdet  to  achieve  cabin  noise  levels 
comparable  to  turbolan  powered  aiicraft 

Some  preliminary  prop-l'an  noise  testing  and  fuselage  noise  treatment  studies  have  been  conducted  under  N ASA  sponsorship  Ad 
diiional  prop-lan  testing  and  fuselage  attenuation  treatment  development  are  needed  before  a rigorous  assessment  can  be  made  ol  the 
weight  penalties  associated  with  achieving  a competitive  cabin  noise  level 


Preliminary  studies  of  a medium  range  aircraft  have  been  made  by  Hoeing.  Douglas,  and  I ockheed  to  determine  the  potential  fuel 
burned  and  direct  operating  costs  benefits  of  an  advanced  prop-fan  propulsion  sv  stem  Ihe  results  of  these  studies,  show  n in  I igure  44 
indicate  a potential  fuel  savings  of  10  to  .'IW  and  a direct  operating  cost  reduction  of  b to  8't . relative  to  a comparable  aircratt 
powered  with  advances!  turbolan  powerplants  Ihe  range  of  values  is  due  to  uncertainties  in  the  drag  due  to  prop  wake  effects  on  the 
nacelle  and  wing,  in  the  weight  of  noise  treatment  requited  to  achieve  satisfactory  cabin  no  o levels,  and  in  the  maintenance  costs  ot 
the  prop-fan  and  reduction  gear 

Ihe  N ASA  prop-fan  program  is  currently  m the  Phase  I technology  effort  (Figure  451  This  phase  covers  tests  of  prop-fan  models  to 
determine  then  noise  and  performance  characteristics,  tunnel  tests  of  prop-fan  nacelle  wing  models  to  determine  the  drag  interaction 
effects  and  aerodynamic  excitation  forces  on  the  propeller  blades,  studies  and  tests  ol  cabin  noise  attenuation  concepts,  and  aircraft 
evaluation  studies  to  provide  program  guidance 

Phase  II  is  planned  to  start  in  1 480  and  will  cover  testing  of  a ' 5 m to  5 5 m diameter  prop-fan  Ground  testing  would  concen- 
trate on  the  structural  characteristics  of  the  prop-fan,  its  drive  gear  and  pitch  change  mechanism.  Flight  oi  wind  tunnel  tests  would  be 
conducted  to  verify  the  performance  and  to  determine  the  near  and  far  field  noise  characteristics.  Their  would  be  a continuing  effort 
in  installation  aerodynamics  and  tuselagr  acoustic  treatment  Phase  III  would  fund  testing  of  a prop-lan  poweted  demonstrator  aircraft 
this  would  probably  be  a modification  ot  an  existing  aircratt  to  incorporate  the  prop-fan  powerplants  and  the  fuselage  noise  attenuation 
treatment  Such  a flight  demonstration  of  the  prop-fan  is  reunited  in  order  to  satisfactorily  demonstrate  the  aircraft's  system  perform 
and  operation,  and  most  important  to  show  that  cabin  comfort  levels  comparable  to  turbofan  aircraft  can  be  achieved 

In  summary.  (Figure  4b).  the  T * turbofan  represents  an  evolutionary  approach  with  a potential  reduction  in  specific  fuel  con 
sumption  of  I 2 to  1 5’f-  relative  to  today's  high  bypass  ratio  turbofan  engines  Ihe  NASA  I"  Program  is  underway,  and  its  technology 
should  be  substantiated  by  the  mid  I480’s  Ihe  advanced  prop  fan  represents  a significant  change  from  today's  laige  commercial  air- 
craft powerplants  However,  it  offers  a potential  of  ^5  to  Ubt  reduction  in  fuel  burned  relative  to  today's  high  bypass  ratio  tiirhofans 
There  are  some  technical,  cost,  and  customer  acceptance  uncertainties  in  connection  with  the  prop-fail  that  need  to  be  resolved  Ihe 
NASA  prop-fan  technology  program  is  underway  and  a large  scale  demonstrator  program  is  planned  in  orvlei  to  resolve  these  uncertain 
ties  Prop  fan  technology  is  scheduled  to  be  substantiated  m the  mid  to  late  1 480's  Other  alternative  cycles  are  not  currently  attractive 
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ENERGY  CONSERVATION  AIRCRAFT  DESIGN  AND  OPERATIONAL  PROCEDURES 
by  Philippe  POISSON  QUINTON 

Office  National  d'Etudes  et  de  Recherches  Aerospatiaies  (ONERA) 

92320  CMtillon  (France) 


SUMMARY 

The  main  objective  of  this  lecture  is  to  review  the  most  recent  studies  and  applications 
leading  to  a better  fuel  efficiency  for  the  next  twenty  years  air  transportation  system. 

First,  the  major  technological  progress  in  aerodynamics,  structures/materials,  propulsion 
integration  and  in  avionics  are  quantified  for  the  subsonic  transport  aircraft,  but  also  for 
future  VTOL.  STOL  and  SST. 

In  a second  part,  it  appears  clearly  that  major  improvements  on  flight  and  ground 
operational  procedures  are  in  progress  ; these  improvements  must  strongly  i educe  the  energy 
waste  of  the  current  civil  and  military  air  transportation  systems. 
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LES  ECONOMIES  D'ENERGIE  liees  a la  conception  des  avions 
ET  AUX  PROCEDURES  OPERATIONNELLES 

Rfcumi 

L'objectif  de  cat  export  est  de  passer  en  revue  les  plus  rtcentes  6tudes  et  applications 
destinies  A rtduire  la  consommation  d'6nergie  du  transport  rtrien  au  cours  des  vingt  prochaines 
anrrtes. 

En  premiAre  partie  on  passe  en  revue  les  rAcents  progrAs  technologiques  en  aArodyna- 
mique,  en  structures/matAriaux,  en  propulsion  intAgrAe  et  en  avionique,  qui  vont  contribuer  A 
une  notable  rAduction  de  la  consommation  de  carburant  et  A une  meilleure  Aconomie  du 
transport  subsonique,  mais  aussi  des  avions  A essor  vertical,  A dAcollage  court  et  A croisiAre 
supersonique. 

Dans  la  deuxiAme  partie,  il  apparait  clairement  qu'une  amAlioration  importante  des 
procAdures  opArationnelles  en  vol  et  au  sol  est  en  cours  de  dAveloppement,  ce  qui  devrait 
entrainer  progressivement  une  sensible  rAduction  du  gaspillage  d'A  iergie  actuellement 
constatA  dans  les  systAmes  de  transport  aArien  civil  ou  militaire. 
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lauding,  terminal  area  navigation  and 
guidance,  grosi  ul  operat  ion*  ) . 

R-4)  AIRCRAFT  OPfRATORS  » ANACFJfFNT 

(Dae  of  A/C  eimulatora,  maintenan«c  W«pto- 
vementa,  better  load  lector). 


R-4)  FFFFCTS  OF  FNVl  RONMFNTA1.  N018R  CONS 

TRA1NTS  OH  A/C  COHCFFT  AND  FVF|.  I fONtwtV 

AGARD  - L.S.  96  (Oct.  1978)  grrr  mucus 


FOREWORD  and  CONCLUSIONS  ON  ENERGY  SAVINGS 
IN  AERONAUTICS 

Before  explaining  how  to  aavc  fuel  in  Air 
Traneportat ion,  it  is  necessary  to  provide  an 
overview  of  current  and  future  trends  of  energy 
consumption  and  especially  in  transportation. 

A recent  FAA  paper  ( 70]  has  given  the  U.S. 
pretroleum  consumption  by  major  sectors  for  the 
fiscal  year  1977  : the  total  U.S.  fuel  consump- 
tion reaches  18  million  barrels  per  day  i.e. 

276.  11)9  gallons  per  year  (850. 10*1  metric  tons/ 
year) . 

The  following  table  shows  that  transporta- 
tion demand  is  the  most  important  consumer  with 
about  152.10  gallons  per  year  (470.10”  tons): 


- Transportation  5..  8 X 

- Sou  Hold'  anJ  Com  rcial  7TTT"Y 

- Industry  17.1  t 

- Electricity  Generation,  Utilities  10. I l 

- Other  0.3  t 


When  the  petroleum  consumption  by  mode  of 
transportation  is  considered,  the  part  of  Civil 
Aviation  is  quite  small  as  shown  on  the  follo- 
wing table  : 


- 

Automobiles 

53. 1 

X 

- 

Commercial  Buses  and  Trucks 

25. 1 

X 

- 

Civil  Aviation 

8. 

X 

- 

Ustsr 

T?b 

X 

- 

Trains 

2.9 

X 

• 

Transit 

0.3 

X 

The  8 percent  Civil  Aviation  share  of  the 
transportation  consumption  corresponds  to  4.4  X 
of  the  total  U.S.  fuel  usage  and  represents 
12.2  .10q  gallons  (37.7. 10”  tons)  per  year. 

More  precisely  the  total  U.S.  Civil  Avia- 
tion fuel  consumption  is  shared  between  inter- 
national and  domestic  markets.  The  total  domestic 
Civil  Aviation  (90  Z Air  Carrier  and  10  t general 
aviation)  consumes  9.2. 10^  gallons  per  year. 

For  fiscal  year  1977,  the  air  carriers  fuel 
consumption  has  reached  8.2.11)9  gallons  (25.4. 
10**  tons)  ; only  1 Z fuel  savings  obtained  with 
improved  operating  techniques  would  yield  total 
savings  of  82. 106  gallons  per  year  for  the  U.S. 
airlines  (or  $ 30  million  a year  with  a fuel 
price  of  37  cents  a gallon). 

This  study  reflects  the  Aviation  Energy 
situation  but  only  the  civil  aspect  ; the  U.S. 
military  fuel  concumption  must  be  taken  into 
account  : from  a U.S.  Air  Force  study f 8 ] , for 
fiscal  year  1975,  military  aircraft  operations 
estimated  consumption  represents  2,2  Z of  the 
total  U.S.  fuel  demand  ; so  the  U.S.  military 
aircraft  fuel  consumption  is  now  less  than  the 
civil  one  ; that  is  why  all  the  technological 
and  operational  improvements  must  be  applied  to 
both  civil  and  military  A/C. 

In  Europe,  oil  consumption  sharing  is  quite 
different,  with  about  half  the  U.S  percentage 
for  aviation  ; for  Instance,  in  1976  for  France, 
the  figures  by  consuming  sectors  are  as  follows 
[58]  : 


- Transportation 

- Resident  ial/Ootmsercial 

25.7  1 
3om 

- Industry,  Electricity,  etc  .. 

. 30.  X 

- Others 

13.3  J 

Within  the  French  transportation  sector,  fuel 
for  airplanes  represents  about  2 Z and  about 
0.01  Z for  helicopters  ; for  the  same  year  1976, 
the  total  fuel  consumption  for  aeronautics  in 


Europe  was  about  14.5  million  tons,  i.e.  2.7 Z 
of  the  total  European  fuel  consumption. 

Considering  the  fuel  price  the  following  graph 
shows  its  sudden  increase  after  the  1973  oil 
crisis  for  the  U.S.  airlines  ; the  international 
air  carriers  were  more  severely  concerned  (300  Z 
increase)  : 


On  the  other  hand,  if  the  evolution  of  the 
labor  cost  index  since  25  years  is  taken  into 
account,  the  ratio ''fuel  price  index/labour  cost 
index" for  1975  was  about  the  same  than  at  the 
beginning  of  the  60's,  at  least  in  the  French 
case  ( 51 ) as  shown  below  : 


FUEL  PRICE  HU,  for  franca 
LA600  C03T  INDEX 


Nevertheless,  the  tuel  cost  will  remain  a signi- 
ficant part  of  the  flight  operating  cost  ; the 
far-term  fuel  price  evolution  will  depend  on  the 
future  political  and  aocio-economical  conditions 
in  each  country  ; these  same  conditions  will 
govern  the  expected  aviation  growth  through  the 
end  of  the  20 century.  Both  NASA  [89)  and  FAA 
[90)  have  recently  given  an  interesting  outlook 
for  U.S.  aeronautics  up  to  the  year  2000,  as  a 
function  of  various  scenarios  : from  limited  to 
expansive  U .5.  economy  growth  ; 


Scenarios  (1975-2000) 

Fuel  consumpt ion 

Fuel  price 

Limited  growth 

♦ 65  X 

- 9 X 

Lxpansive  growth 

♦ 342  X 

- 3b  X 

From  all  these f indinga , we  can  draw  some 
general  conclusions,  valid  for  all  developed 
countries  : 

* Fuel  usage  for  aeronautics  is  a very  small 
percentage  of  the  total  oil  consumed  ; thus,  it 
seems  wise  to  keep  the  necessary  amount  of  fuel 
fot  Aviation,  because  it  is  the  most  efficient 
and  economical  source  of  energy  (even  in  far- 
term,  liquid  hydrogen  or  nuclear  energy  use  is 
highly  unlikely  for  most  A/C  missions,  both 
civil  and  military). 

* But , such  oil  energy  will  remain  expensive 
for  the  operators  and  a penalty  foi  the  foreign 
balance  trade  of  moat  countries  ; that  is  why  a 
continuous  effort  will  be  needed  to  increase 
flight  efficiency  on  every  type  of  aircraft  : 
mainly  subsonic  transport,  but  also  VTOl  , STOl. 
and  SST . 


ft  BUT.  TNI  TRANVORT  EFFICIENCY  IS  ALSO  FUNCTION  OF 

• OPERATIONAL  PROCEDURES  (POTENTIAL  FUEL  SAVINGS) 

• A/C  PRODUCTIVITY  (HIQH  SPEED  PAYOFF) 


Fig.  1 


Nevertheless,  the  price  to  develop  new  techno- 
logic*. and  to  manufacture  new  type*  of  air- 
plane* and  engine*  i*  now  ao  high  that  it  i» 
important  to  analy**  their  "co«t  effect ive- 
ne**",  a*  seen  by  the  u»er  (Airline*  are  reluc- 
tant to  pay  for  reengined  old  jet-tran*porta, 
even  if  the  fuel  efficiency  ia  30  I better  with 
new  fan-engine*,  bacauae  the  price  to  pay  i* 
often  not  coat-effective  for  transport  A/C 
operator*) . 

Since  the  fuel  crisis,  extensive  research 
and  development  program*  have  been  oriented  to- 
ward* energy  saving*,  and  a large  part  of  the 
preaent  analyst*  i*  directly  taken  from  the  re- 
cent reiult*  published  in  the  last  five  year*  in 
various  countries. 

- the  largest  effort  i*  made  in  U.S  where  NASA 
f 1,69),  the  Federal  Aviation  Administration, FAA 
(2  ,90)  and  U.S  manufacturer*  or  agencies[3, 

A,  3,  6,  7,  8J  have  worked  together  on  long 
term  programs  oriented  on  fuel  saving*. 


in 


In  Europe,  the  same  objective*  are  in  progress 
England  [<>,  10,  111  , in  Germany  [l2,  13}  . in 
Franc*  (U,  15,  16)  , etc... 

Before  analysing  the  various  ways  to  improve 
the  A/C  energy  efficiency  - except  on  the  engine 
side,  which  is  the  main  part  of  this  lecture 
series  - it  is  interesting  to  explain  what  are 
the  various  disciplines  involved  in  this  techno- 
logical effort  ; the  basic  formula  of  the  trans- 
port efficiency  is  given  on  figure  I to  show 
that  progress  will  be  at  first  a function  of  im- 
provements in  aerodynamics , * t rue t urea /mat erial* 
and  propulsion,  but  also  in  "systems"  (i.e. 
avionics,  etc...  not  shown  here)  ; but  we  shall 
see  that  the  transport  efficiency  depend* 
strongly  upon  the  operational  Flight  and  Ground 


procedures,  and  of  course  upon  the  transport 
productivity,  i.e.  the  mission  speed  [ltj  . 

Figure  2 present*  the  general  trend  of 
flight  efficiency  over  the  last  25  years  [37, 

16]  , to  point  out  that  the  flight  efficiency 
index  (given  here  in  seat  capacity  x distant  > 
flown  divided  by  the  fuel  burnt)  have  grown  ra- 
pidly for  each  successive  flight  regime*  (figure 
2-c)  : low  subsonic  regime  with  propellers  and 
high  subsonic  speed  with  the  turbo-fans  ; for 
the  supersonic  transport,  Concorde  is  a good 
technical  start  of  a new  era,  that  open*  the  way 
to  more  efficient  derivatives  and  new  SST  gene- 
rations . 

The  tremendous  increase  of  the  subsonic  jet 
efficiency  is  mainly  explained  by  the  introduc- 
tion of  high  by-pass  turbo-fan*  with  much  lower 
fuel  consumption  than  the  first  turbo-jets  (fi- 
gure 2-a),  but  also  by  the  introduction  of  wide- 
body-high  passenger  capacity-Aircraft  family  (B- 
747,  DC- 10/L- 101 1 , Airbus)  ; nevertheless,  figu- 
re 2-b  illustrates  the  very  important  load-factor 
problem  : increasing  load-factors  have  more  pay- 
off for  an  Airline  than  the  best  technological 
improvements ... (the  current  mean  load-factor  for 
U.S  Air  carriers  was  about  53  X for  the  last  veer:). 

Adjusting  A/C  capacity  and  frequency  to 
various  traffic  levels  is  the  key  to  Airlines 
economy . 


On  the  manufacturer  side,  the  main  problem 
is  to  estimate  the  potential  benefit*  of  applying 
advanced  technology  and  their  effect*  on  Air- 
craft Direct  Oreratinr.  Cost  (DOCl  which  is  a 
criterion  of  cost-effectiveness  ; various,  and 
quite  different  methods  are  used  for  DOC  calau- 
lation  ; in  Europe,  the  EUKAC  method  was  deve- 
loped under  A/C  manufacturers  cooperation  ; this 
method  aeeir.r  well  adapted  to  new  improvement*  ; 
the  most  important  parameter  is  the  A/C  ma> imum 


gross-weight,  but  the  HOC  formula  is  also  based  Figure  3 illustrates  a typical  breakdown  of  DOC 
on  A/C  price,  fuel  consumption,  block-time  and  for  an  advanced  200  seat  short/medium  range  A/C 
thrust.  operating  on  a 500  nM  stage  length  [ 12 J : 
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IMPROVED  PRODUCTION  TECHNIQUES  FOR  LOWER  FIRST  COST 


IMPROVED  STRUCTURAL  DESIGN  and  NEW  MATERIALS  INTRODUCTION 
IMPROVED  AERODYNAMICS  and  AIRCRAFT  SYSTEMS 

IMPROVED  PROPULSION  SYSTEMS 
ACTIVE  CONTROL*  TECHNOLOGY 

IMPROVED  OPERATIONAL  PROCEDURES  and  MAINTENANCE 


the  largest  portion  of  DOC  (33.5  X)  cornea  from 
depreciation,  interaat  and  inaurance  , which 
are  direct  functiona  of  the  A/C  selling  price 
but  about  72  X of  thia  selling  price  is  di~ 
rectly  connected  to  the  production  coat,  aa 
detailled  on  the  right  graph  of  figure  3 ; an 
efficient  way  of  reducing  the  DOC  ia  to  im- 
prove the  production  techniquea  ; as  shown  on 
the  lower  graph  prepared  by  two  British  manu- 
facturers L10J  , there  is  a good  chance  to  sa-' 
ve  about  7 X on  DOC  in  the  next  two  decades 
by  these  progress  : further  gains  (+  17  7)  are 
predicted  with  various  technological  and  ope- 
rational improvements , as  explained  later  on. 


Co)  Fuel  having*  from  odvonccd  technology 
o*  seen  by  NASA  and  Boeing 


Returning  to  the  first  graph  on  figure  3, 
the  fuel  represents  about  25  X of  the  DOC,  and 
thia  percentage  increases  with  the  fuel  cost  ; 
this  explains  how  important  me  the  fuel  saving 
programs  for  a better  economy  on  future  projects 
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To  conclude  this  introduction,  letushave  a 
look,  figure  4,  on  some  predictions  for  fuel  sa- 
vings during  the  next  two  decades,  as  seen  by 
the  main  American  Agencies,  NASA  and  FAA,  work- 
ing on  a long  range  planning  : between  30  and 
40  X fuel  efficiency  potential  gain  seems  rea- 
sonably possible,  the  two  more  important  items 
being  : 
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the  various  A/C  technology  improvements, 

and  a better  Air  Transport  system  management 
both  are  quantified  in  the  following  sections 


A)  NEW  AIRCRAFT  DESIGN  CONCEPTS 


during  climb  and  cruise,  i.e.  in  "clean"  confi 
guration  ; on  the  diagram  of  figure  5 [17]  are 
recalled  the  major  drag  sources  for  a subsonic 
transport  A/C  : 


A-l)  PROCRESS  IN  AERODYNAMIC  EFFICIENCY 


The  aerodynamic  efficiency  of  an  aircraft 
configuration  can  be  improved  through  drag  re- 
duction [17,16]  ; for  a subsonic  transport  A/C, 
more  than  90  X of  the  fuel  consumption  occurs 
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In  fact,  approximately  85  Z of  the  total 
drag  are  due  to  akin  friction  and  to  induced 
drag  for  auch  tranaport  configurationa  at  crui- 
ae  conditiona  ; theae  two  iteoa  repreaent  the 
greateat  potential  for  drag  reduction  and  hence 
for  fuel  conaervation  ; neverthaleaa , we  ahall 
examine  briefly  the  ueefulneau  of  reducing  each 
of  the  varioua  drag  componenta. 

A- 1 - 1 ) fRICTlON  DRAG 

Skin  friction  accounta  for  about  50  Z of 
the  cruiae  drag  of  a current  aubaonic  trana- 
port A/C  ; it  offera  the  greateat  potential  for 
drag  reduction,  but  , at  the  aame  time,  thia 
reduction  ia  the  moat  difficult  to  achieve. 

Since  tranaition  Reynolds  number  ia  gene- 
rally of  the  order  of  3x10*  and  the  tranaport 
A/C  Rejr  in  the  20-100x10*  range,  the  "normal" 
atate  of  the  boundary-layer  ia  turbulent  on  the 
whole  airframe. 

But,  it  muat  be  remembered  that  the  turbu- 
lent friction  drag  decreaaea  with  increaaing 
Reynolda  number  ; thia  trend  ia  very  favourable 
to  large  tranaport  Aircraft,  aa  shown  on  figure 
(6]  , where  a 20  Z friction  drag  reduction  ia 
indicated  between  a email  executive  jet  and  a 
huge  future  cargo  A/C. 
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To  delay  the  transition  process,  the  lami- 
nar flow  control  (L.F.C)  by  suction  through  the 
A/C  wing  skin  it  the  only  technique  already  pro- 
ved^ ,1^3 both  in  wind-tunnel  (by  Ackeret  and 
Pfenninger,  in  7urich  as  soon  at  1<)46),  and  in 
flight  (P.S.A.F.  Fxperimental  X-2I-L.F.C  A/C  in 
1^64)  ; uaing  suction  through  many  and  fine 
closely-spaced-transverte  slots,  laminarixat ion 
to  a Reynolds  number  Rc ev  30x10”  have  been  al- 
ready obtained  on  wings  ; for  such  laminar  flow 
extension,  the  drag  coefficients  are  dramaticaly 
low,  near  those  of  a laminar  flat  plate(figure 
7 a)  ; then,  this  concept  appears  very  attractive 
to  reduce  the  fuel  consumption  as  shown  on  fi- 
gure 7b  in  the  case  of  a NASA  long  range  subsonic 
transport  project  : some  25  X to  40  T potential 
fuel  savings,  depending  upon  the  range. 

But,  as  expected,  such  a concept  using  nu- 
merous and  fine  suction  slots,  all  along  the 
airframe  surfaces,  leads  to  very  difficult  ma- 
nufacturing (i.e.  financial)  problems  and  nece- 
ssitates a very  complex  pumping  system  (i.e.  ex- 
tra weight)  ; on  the  other  hand,  several  factors 
affect  laminar  flow,  such  as  surface  contamina- 
tion (insects,...),  suction  distribution,  manu- 
facturing tolerances,  wing  sweep  effect,  airfoil 
shape,  location  of  the  propulsion  anti  pumping 
system  (noise  effect  on  transition),  etc...  (fi- 
gure 7 b)  ; finally,  a laminar  control  would  be 
very  difficult  on  the  fuselage  (which  represents 
about  half  the  wetted  area  on  a wide-body  trans- 
port). 

However,  recent  technology  advances  are 
included  in  the  NASA  A/0  energy  efficiency  pro- 
gram on  L.F.C  ; for  example  : woven  graphite  - 
epoxy  porous  surfaces,  laser  or  electron-beam 
drilling  techniques  and  light  weight  composite 
ducting,  etc...  ; that  is  why  3 airframe  manufac- 
turers are  asked  to  study  L.F.C  transport  confi- 
gurations projects  for  the  Idbp's  £ 1 

To  take  full  advantage  of  the  friction  drag 
reduction,  it  is  desirable  at  the  same  time  to 
reduce  the  induced  drag  by  increasing  the  wing- 
span (AR  v 14  for  example)  which  leads  to  diffi- 
cult structural  optimisation  taking  account  the 
suction  ducts  (cf.  Boeing  proposal  : high  wing 
braced  with  a strut). 

To  conclude  on  this  controversed  laminar 
flow  control,  we  must  say  that  this  concept  is 
only  attractive  for  very  long  range  missions  snd 
will  be  very  expensive  to  manufacture  and  to 
maintain  (internal  complexity),  while  the  opera- 
tional problems  would  probably  not  be  welcome 
to  any  airline  : however,  this  concept  would  be 
interesting  for  very  long  range/high  altitude 
military  A/C  as  a first  demonstration  before 
possible  civil  application  ; for  example  a Lockh- 
eed - Georgia  study  had  shown  that  application 
of  L.F.C  to  the  wing  and  empennages  of  a C-5A 
Cargo  could  produce  20-75  T range  factor  impro- 
vement : hut,  from  a cost-effectiveness  stand- 
point, this  application  would  be  questionable  at 
ranges  less  than  6000  nM  . 


Another  way  to  reduce  friction  drag  is  to 
let  the  flow  stay  turbulent  and  to  reduce  the 
turbulent  shear  : the  possible  payoff  in  this 
approach  is  about  half  the  gain  possible  with 
L.F.C  but  less  sensitive  to  operational  pertuba- 
tions  : two  concepts  are  still  at  the  early  la- 
boratory stage  : 


- slot  injection  to  reduce  turbulent  friction. 


The  compliant  skins  are  flexible  surfaces 
made  to  respond  uniquely  to  the  fluid  motions  in 
the  boundary- layer  (maximum  skin-friction  reduc- 
tion occurs  when  the  foundamental  membrane  fre- 
quency is  about  half  the  peak  power  frequency  in 
the  boundary-layer) . It  seems  too  early  to  predict 
some  application  of  such  flexible  surface  on  an 
operational  A/C.  [see  2C  ]. 

The  slot  injection  concept  is  much  simpler 
in  its  principle  : tlie  low  momentum  slot  flow, 
injected  to  the  surface  at  a low  relative  velo- 
city (about  30  X of  the  free  stream),  alters  the 
velocity  distribution  in  the  turbulent  boundary- 
layer  and  reduces  the  skin  friction  ; but,  to 
have  a net  drag  reduction,  the  skin-friction 
reduction  plus  the  slot  thrust  oust  be  larger 
than  the  losses  due  to  collecting,  ducting  and 
distributing  tjie  slot  air, plus  the  slot  base 
drag  : the  few  results  available  at  subsonic 
speed  show  that  the  local  friction  drag  is  about 
half  just  behind  the  slot,  and  increases  rapidly 
downstream  to  the  conventional  turbulent  fric- 
tion value  at  a distance  of  about  100  time  the 
slot  height  C2t  3 ; up  to  now,  no  systems  ana- 
lysis for  A/C  applications  is  available  to  jud- 
ge the  balance  between  gains  and  losses  ; two 
applications  seem  attractive  : 

- slot  injection  on  the  front  fuselage  used  as 
the  exhaust  of  a laminar  suction  system  ins- 
talled on  the  wing, 

- slot  injection  behind  the  fuselage  cockpit 
coupled  with  suction  around  a truncated  base 
at  the  rear  (to  maintain  attached  flow!  ; 

again,  it  is  mandatory  to  estimate  the  price  to 
pay  for  pumping  and  ducting  this  auxiliary  flow. 

A- 1-2)  PARASITIC  DRAG 

Roughness  or  excrescence  drag  is  mainly  due 
to  local  flow  separations  and  vortex  formations 
produced  by  aircraft  surface  discontinuities 
[ 17  3 like  panel  joints,  engine  inlet  contour, 
gaps  around  doors,  windows  and  contri l surfaces, 
rough  surface  finish,  pressuriration  leaks,  an- 
tennae, misrigged  controls,  etc...  Such  typi- 
cal roughness/excrescences  represent  about 
3.5  T of  the  total  cruise  drag  of  the  giant  C-5A 
ll.S.A.F  military  transport  T 22  ] ; Boeing  repor- 
ted that  a pressurised  area  seal  leak  (65  cm71 
along  doors  and  windows  on  the  727  could  cause 
about  71.000  Kg  increase  in  fuel  consumption  per 
airplane  per  year  f 17]!  it  would  cost  $ 61  and 
a downtime  of  4 hours  to  fixe  the  seal  leak. 
Another  example  again  on  a B-727,  where  a 1-de- 
gree sideslip,  caused  by  misrigged  control,  re- 
sulted in  a fuel  burn  penalty  of  about  108.000 
Kg  per  year  (i.e.  a loss  of  about  $ 11,000,  to 
be  compared  to  f ISO  and  12  hr  downtime  to  re- 
pair the  control  1). 

Another  typical  parasitic  drag  often  appears 
on  large  military  cargo  A/C,  due  to  separation 
and  vortices  adjacent  to  wing-fuselage  juncture 
and  fuselage  afterbody  door,  etc...  C2b3  ; in 
the  case  of  the  P.S.A.F  cargo  C-I4I,  wind-tunnel 
tests  have  shown  that  redesigning  the  wing/fuse- 
lage fillet  strongly  improved  the  vortex  flow  pa- 
tern  which  gave  a 5 * drag  reduction  at  cruise  j 
and  thanks  to  a better  lift  distribution,  it 
would  be  possible  to  add  a 6 foot  wing-tip  exten- 
sion without  increasing  the  wing  stress,  which 


r 
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- turbulence  control  with  compliant  walls 
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wo  ul«  give  additional  3 X drag  reduction  : per- 
formance calculations  have  shown  that  this  ft  T 
drag  reduction  can  be  translated  into  8 * fuel 
saving  for  each  C-I4I  (figure  8 a),  i.e.  a 

total  aaving  of  82000.000  nations  per  year  for  a 
fleet  of  277  C— 1*1  ; on  the  other  hand,  the  modi- 
fication coat  was  estimated  at  about  II  million 
dollars,  i.e.  about  one  year  fuel  saving  II 
It  is  unfortunate  that  this  improved  wing-fillet 
waa  not  devetopped,  because  proposed  too  late  in 
the  program. 

As  an  airplane  gets  older,  a sensible  dete- 
rioration in  its  airframe  "cleanliness"  is  expe- 
rienced, which  explains  a large  part  of  the  fuel 
consumption  increment  during  the  life  of  an 
Aircraft  ; but,  up  to  the  fuel  crisis, a general 
drag  clean-up  waa  not  yet  cost-effective  for  a 
company  ; certainly,  it  is  no  ax're  tne  case  and 
a large  amount  of  fuel  can  be  saved  both  on  mi- 
litary fleet  (tankers,  cargo)  and  commercial 
fleet  by  such  periodic  "clean-up";  a typical 
"clean-up"  exercise  have  been  made  recently  by 
Airbus  Induatry/SNIAS  on  a production  Airbus 
A-300  (fairing  of  all  steps,  slots  and  gaps)  : 
comparative  flight  testa  before  and  after  clea- 
ning have  shown  a sero-lift  drag  reduction  of 
about  4.5*  at  cruise  regime. 

Finally  the  considerable  parasitic  drag  of 
the  various  external  stores  used  on  military 
Aircraft  ran  be  minimised  by  a better  integration 
of  these  loads  to  the  airframe  ; a typical  exam- 
ple waa  recently  given  by  Me  Donnell -Douglas  with 
a prototype  flight  test  program  on  the  air  su- 
periority F-15  A/C  equipped  with  two  fuel  pallets 
("Fast  Pack")  mounted  at  the  wing-fuselage  inter- 
face ; this  concept  created  an  additional  4500  Kg 
of  fuel  capacity  (increase  of  range/loiter  time  or 
payload!  without  compromising  the  air  superio- 
rity capabilities  of  the  basic  A/C  (and  a very 
small  increase  of  the  transonic  drag  thanks  to  a 
clever  area-ruling  of  the  packs  along  the  engine 
nacelles  (figure  £ b). 
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A- 1 -3)  DRAG  DUE  TO  LIFT 

We  have  seen  that  the  polar  curve  can  be 
written  Cp  - Cj^  ♦ C^,  the  drag  to  lift,  Si* 

representing  between  40  and  45  X of  the  cruise 
drag.  At  subsonic  speed,  the  drag  due  to  lift  is 
primarily  induced  drag,  but  also  includes  growing 
participation  of  parasitic,  friction  and  pressure 
drags  with  increased  angle  of  attack,  which  is 
reflected  in  the  term,  e,  span-efficiency  factor; 
when  the  polar  curve  is  represented  as  a parabola 
in  the  Cj  range  of  intetest  flown  with  a clean 
configuration  : Cj,?  , 

1,1  “n-AR.e 

C_,  depends  upon  the  spanwise  lift  distribu- 
tion over  the  wing  (an  elliptical  one  gives  the 
minimum  l'  , for  a given  aspect-ratio)  ; but,  since 
induced  drag  is  inversely  proportional  to  wing 
aspect-ratio  AR,  the  moat  direct  way  of  reducing 
CL.  is  to  increase  the  wing  span  ; however  this 
larger  anan  introduces  increased  wing-root  bending 
moment  a ,*  (and  flutter  danger!,  i.e.  more  structu- 
ral wing  weight  for  a given  thickness  (see  sectior 
A- 2)  ; one  solution  would  be  to  increase  the  wing 
thickness  to  cope  with  these  larger  bending 
moments,  but  it  is  well  known  that  increasing 
airfoil  thickness  ratio  increases  the  transonic 
drag  (or,  more  precisely,  reduces  the  drag  diver- 
gence Mach  number!  for  a given  wing  sweep  angle  ; 
we  shall  see  (aection  A-l-4)  that  the  introduc- 
tion of  the  supercritical  technology,  which  per- 
mits thicker  airfoil  section  for  a same  drag  di- 
vergence Mach  number,  gives  a satiafactorv  solu- 
tion £ c4  ] . 

* Very  large  aspect-ratio,  high-wing  braced  mono- 
plane (AR  “ 20.2)  was  produced  in  France  bv  R. 

HCRKl.  (MPKEl  DITIOIS  H . D. 321 /evin-prope l lere  A/C) 
from  l<)57  ; outstanding  l/D  were  obtained  in  flight; 
the  original  idea  was  to  use  the  struts  as  lif- 
ting surfaces. 
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However,  the  overall  efficiency  of  an  airpla- 
ne ia  a function  of  its  structural  weight  as  well 
as  of  its  aerodynamic  efficiency  : the  optimum 
aspect-ratio  must  be  a compromise  which  depends 
upon  the  mission  (high  aspect-ratio  is  mandatory 
for  a long-range  transport)  but  also  on  economic 
considerations  (fuel  price  and/or  fuel  shortage). 


On  figure  9 are  plotted  the  cruise  values 
of  various  large  aspect-ratio  Aircraft  (civil  and 
military  transports,  bombers)  as  a function  of 
this  parameter  b/VS  wet , which  shows  that  most 
contemporary  subsonic  civil  transports 
follow  the  mean  curve  given  by  L/P“ 1 4 . b //S  wet , 
when  a span  efficiency  factor  e - 0.75,  and  a 
mean  friction  C*  Cf  ■ 0.003  are  taken.  Notice 
that  military  cargo  (not  so  streamlined  by  defi- 
nition) are  below  this  mean  curve. 


For  most  of  the  existing  high-subsonic  jet- 
transports  in  service,  the  napect-ratio  is  around 
AR  - 7,  because  it  was  the  best  compromise,  for 
airlines  economy,  taking  into  account  the  low 
prices  of  the  fuel  during  the  1960’s  ; it  is  no 
more  the  case  since  the  1973  fuel  crisis,  and  all 
the  designers  work  now  on  new  projects  - or  modi- 
fied versions  of  existing  A/C  - which  have  larger 
aspect-ratios,  up  to  about  AR  - 12  or  more  in 
some  cases. 


We  have  also  plotted  the  values  calculated 
by  Boeing  f2f>]for  two  subsonic  transport  con- 
figurations having  the  same  range  (3000nM) , the 
same  T.O  field  length  (B300  ft)  and  the  same 
payload  (196  passengers  ■ 18190  Kg) 


At  first,  lets  have  a look  at  Che  cruise 
aerodynamic  efficiency  L/D  as  a function  of  the 
aspect-ratio  - or  in  term  of  wing  span  and  to- 
tal wetted  area  parameter  : (bJ/*wt)l/2.  This 
later  parameter  appears  when  we  look  at  the  mi- 
nimum drag  condition  for  a long  range  cruise, 
i.e.  at  the  maximum  I./P  given  by  the  tangent  to 
the  parabolic  polar  curve  (figure  9 ) ; in 

this  condition  Or,-  « C_.  and  : 


the  first  one  is  a "conventional  technology" 
(aluminium)  three  jet  (CF-6) , wide-body  scheme 
optimized  for  minimum  fuel  (M  - 0.R2,  3000  nMl 
the  aspect-ratio  is  only  6.6  and  quarter-chord 
wing  sweep  is  35*  : the  resulting  calculated 
cruise  L/D  is  15.7. 


the  second  one  is  an  "advanced  technology" 
concept  (NASA  TAC/Energy  study  : introduction 
of  composite  materials,  supercritical  airfoils, 
neutral  stability,  four  advanced  turbo-fans 
BPR  • 6,  etc...)  ; the  wing  aspect-ratio  is 
very  large  : AR  *12, with  only  25*  sweep  angle  ; 
the  cruise  Mach  number  is  slightly  reduced  to 
M ■ 0.8  ; the  resulting  calculated  aerodynamic 
efficiency  is  L/D  - 19,  i.e.  21  T more  than  for 
a typical  contemporary  wide-body  jet. 


but  the  zero  lift  drag  Cjy,  depends  essentially 
on  a mean  friction  coefficient  C?  applied  to  the 
wetted  surface  of  the  airframe 

r zrf  S wetted  surfaces 
^Do  ~ ' S reference  wing 


Finally,  it  is  important  to  recall  that  the 
optimum  lift  coefficient  increases  with  the  as- 
pect-ratio (as  AR  *'®)  , which  necessitates  to 
optimize  the  wing  sections  for  larger 
avoid  some  form-drag  penalty  3" 


AR  » ( Spam)  / Sreference 


9-10 


Method!  to  increase  the  effective  aspect-ratio 
of  « Riven  winy 

Since  even  a small  increase  of  L/P  may  be 
very  interesting  for  fuel  saving,  varioua  con- 
cepts have  been  recently  developed  to  increase 
the  effective  aspect-ratio  of  a given  wing  plan- 
form  : 

- tip  extension 

- winglets 

- jet  momentum  effect  near  the  wing 


FUEL  SAVING  BY  A/C  NODIFICATION : 
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a)  wing-tip  extension  : a Lockheed/NASA  study 
] has  shown  that  a small  planar  extension 
at  the  wing-tip  of  the  L.ICMI  wide-bodv  trijet 
(♦  3 feet,  i.e.  4 T of  the  initial  span)  is  suf- 
ficient to  reduce  by  2.5  7 the  block-fuel  used 
for  a 3000  nM  mission  (figure  10  ),  thanks  to 
the  drag  reduction  during  cruise  and  second  seg- 
ment climb  ; but,  to  cope  with  the  small  increa- 
se in  the  root  bending-moment  due  to  the  larger 
span,  a small  reduction  in  the  maximum  take-off 
weight  (195.000  to  185.000  Kg)  will  be  required 
(i.e.  a small  reduction  on  the  maximum  stage 
length);  but  in  this  case,  the  retrofit  on  in 

' Application  of  'winqlatV  to 

current  A/C 


service  L— 1011's  necessitates  only  a very  simple 
and  cheap  addition  without  wing  structural  streng- 
thening for  a quite  large  fuel  saving  pay-off  in 
operation. 

We  shall  see,  in  section  A-3,  that  an  active 
control  system  can  automatically  reduce  the  ex- 
tra root-bending  moment  due  to  a larger  tip  ex- 
tension on  the  same  L— 1011  A/C. 

b)  winglets 

The  use  of  "end  plates  effect"  to  increase 
the  effective  aspect-ratio  of  a given  wing  is 
well  known  and  is  widely  applied,  mainly  on  small 
aspect-ratio  wing,  either  with  tip-fins  (extra 
yawing  stability  on  a sweep  shape)  , or  with  tip- 
tanks  or  tip-missile  (better  structural  load 
distribution)  ; but  these  end-plates  applied  to 
large  aspect-ratio  wing  had  generally  a poor  ef- 
ficiency because  their  added  skin-friction  more 
than  offsets  any  reduction  in  induced  drag. 

•lust  recently  the  concept  of  specially  tai- 
lored end-plates  has  been  proposed  by  R.T  Whit- 
comb at  NASA-Langley  C ] : these  wing-like 
devices,  or  "winglets",  at  the  tip  of  a wing 
were  originally  tested  to  reduce  the  wing  tip 
vortex  wake  on  large  transport  A/C  (reduction 
of  the  -vortex  pollution  near  airports)  ; but  the 
preliminary  tests  analysis  have  shown  that  it 
was  possible  to  optimise  the  location  and  the 
shape  of  such  end-plates  located  in  the  strong 
natural  vorticity  of  a wing-tip  ; figure  11-b 
£27  1 gives  a clear  explanation  of  the  capture 
of  this  vortex  flow  to  generate  a winglet  lift 
force  and  redirect  the  flow  to  diffuse  the  wing- 
tip  vortex  (this  explains  the  name  "vortex  dif- 
fusers" also  given  to  winglets)  ; the  winglet 
lift  can  be  directed  forward  as  well  as  side- 
ways to  produce  a drag  - reducing  thrust  which 
exceeds  their  profile  drag  ; furthermore,  the 
downwash  effect  on  the  main  wing,  and  therefore 
its  drag  component  due  to  lift,  is  also  reduced 
which  leads  to  a net  gain  on  wing  (I./D)  . 
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How  this  winglet  concept  compares  with  a 
simpler  wing  tip  -extension  ? 

A theoritical  approach  of  this  comparison 
I 22>  3 is  given  on  figure  I l-c  which  compares 
the  gain  on  the  induced  drag  and  the  increase 
on  wing  root  bending-moment,  respectively  for  a 
upper  surface  winglet  and  a tip-extension  ap- 
plied on  a aspect-ratio  8 swept  wing  ; the  indu- 
ced drag  reduction  is  given  at  the  cruise  con- 
dition (Cl  “ 0.4),  while  the  increase  on  root 
bending-moment  is  taken  at  the  maximum  load  fac- 
tor for  a transport  A/C  (n  “ 2.5  g , i.e.  C^  » 1) 
it  is  clear  that  the  winglet  concept  is  far  bet- 
ter than  a tip-extension  for  a same  extra  ben- 
ding-moment  (50  X less  induced  drag)  ; and  for 
the  same  efficiency  (14  X Cjy£  reduction),  a tip- 
extension,  of  about  8 X of  the  initial  span, 
gives  more  than  twice  root  bending-moment. 

Notice  that  root  bending-moment  is  a satis- 
factory index  of  the  effect  on  wing  structure, 
the  final  design  objective  for  a transport  A/C 
being  to  obtain  the  best  cruise  efficiency  at 
the  minimum  cost  in  the  structural  weight. 

Several  applications  of  the  winglet  concept 
have  already  been  made,  both  on  existing  A/C 
(as  a retrofit),  or  on  new  projects  (maximum 
winglcts  benefit  will  be  obtained  vher. 
the  wing  can  be  specially  designed  to  have  a tip 
loading  heavier  than  for  a current  A/C)  : 

- winglets  on  the  Boeing  KC-135  jet-tanker  have 
been  studied  by  Boeing  C 29  J ; the  final  de- 
sign (figure  l)  a)  is  an  upper  winglet  (surfa- 
ce “ 2.8  X of  the  wing  semi-span  surface  and 
winglet  span  - 13.5  X of  the  wing  semi-span) 
which  gives  a 14  X reduction  on  Cpj  at  cruise 
conditions  (M  • 0.77,  C^  " 0.43)  ; a 7.8  X 
gain  on  L/D  is  translated  in  a 8.1  X increase 
on  the  range  factor  (8720  nM  versus  8065  nM) 
and  finally  a 7 X fuel  savings  for  a typical 
long  range  mission.  The  production  "retrofit" 
winglet  weight  would  be  430  Kg  (0.3  X G.W), 
which  includes  a slight  structural  modification 
near  the  wing  tip  ; prototype  winglets  will  be 
flight  tested, fall  1978, for  D.S.A.F. 

- Similar  study,  but  with  upper  and  lower  wing- 
lets, have  been  made  by  He  Donnel-Douglas  a- 
round  their  existing  transport  A/C,  which  gives 
the  following  fuel  savings  for  (specified)  ty- 
pical values  of  their  stage  length  : 


DC-8-6 1 , A block-fuel 
DC-9-10,  - d*- 

DC- 10-10,  - d*- 


- - 1.74  X (800  nM) 

- - I .31  X (300  nM) 

- - 4 X (870  nM) 


- a wing  span  smaller  than  wing-extension,  which 
simplify  the  parking  problia's  on  airports, 

- a reduction  of  the  "vortex-tip  pollution  from 
large  A/C  near  airfield  (less  terminal  area 
separation,  i.e.  fuel  savings), 

- increased  yawing  stability  when  applied  to 
awept-back  wings. 

We  shall  see  in  section  A-5,  that  the  ver- 
tical fins  at  the  tip  of  a flying-wing  without 
taper  ("spanloader"cargo  concept)  are  the  most 
effective  "winglets",  that  increase  tremen- 

dously their  effective  aspect-ratio,  i.e.  their 
aerodynamic  efficiency  for  a modest  geometric 
AR.  (see  figure  33). 

c)  jet  momentum  effect  near  the  wing 

For  those  transport  A/C  equipped  with  engines 
attached  to  the  wing,  a very  large  momentum  is 
exhausted  near  the  wing  surface  which  induces 
supervelocities  by  entrainment  effect  : how  to 
use  this  strong  interaction  to  reduce  the  drag- 
due-to-lift  ? Several  ways  have  been  explored  in 
wind-tunnel,  some  of  them  will  be  analysed  in  sec- 
tion A-4-1 . 


£ Coi_ 

l c ‘ 


bAblC. 

vino  tip 


■ Vn/O 


\>  FAM  JET  t 

EM&IME  (PR  *1.b) 
MOUMTED 
AT  THE  WIMG  TIP 


ooe  _ a Induced  drag 
reduction 
with  tip  nacelle 

MAbA/Lam^lay  . Mr  0 7 ,Rcr4»10fc 


V*o-4 


2 b A 
IMCIOEMCE 


More  details  on  the  DC-10  modification  with  the 
winglets  are  given  in  £ !»0  . 

- Grumman  plans  to  put  such  winglets  on  his  new 
executive  A/C  "Gulfstream  III",  which  permits  a 
8 X reduction  of  the  wing  area  for  the  same  per- 
formance as  with  the  conventional  wing. 

Finally  it  is  important  to  recall  that  such 
winglets  give  complementary  advantages  : 

- a better  (L/D)  in  climb,  which  is  very  important 
for  one  engine-out  capability  ; in  fact,  it  was 
the  primary  goal  of  winglets  installation  6n 
the  Israel  Industries  "ARAVA",  twin-prop  STOL 
A/C  ; in  the  take-off  configuration,  the  indu- 
ced drag  is  reduced  by  20  X during  the  climb, 
which  permits  to  satisfy  the  F.A.R  rule  with 

"one  engine-out"at  the  full  T.O  weight  , 


(b)  Tip  vortex 
strength  reduction 
by  wing-tip  blowing 
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With  the  tip-mounted  engines  scheme,  the 
objective  {■  to  reduce  the  wing-tip  vorticity, 
l.e.  Cy,  , by  the  cancelling  effect  of  high-energy 
exhaust  of  a tip-mounted  fan-jet  engine  ; such  a 
concept  have  been  tested  at  NASA-I.angley  [J4and 
16]  on  a semi-span  untapered  unsvept  wing  (AF«fi.4) 
with  a simulated  fan-jet  by-pass  ratio  P engine 
at  the  wing-tip  (Mach  0.7,  fan-jet  F.R  ■ 1.5)  ; 
figure  | 2a  shows  that  the  powered  fan-jet  redu- 
ces the  induced  drag  by  about  30  Z over  that  for 
the  basic  wing-tip  model,  i.e.  below  the  theore- 
tical minimum  l/n  AR  ; a part  of  the  benefitial 
effect  is  due  to  the  "end-plate  effect"  of  the 
fan-engine  (about  40  Z of  the  previous  gain  is 
obtained  with  a hollow  duct  having  a same  diame- 
ter) ; in  fact,  the  jet  wake  completely  destroys 
the  concentration  of  the  tip  vorticity,  and  it 
might  be  expected  that  a larger  effect  would  be 
obtained  by  prerotating  the  fan  exhaust. 

Such  a concept  waa  used  on  the  production 
"Noratlas",  a French  military  twin-prop  cargo 
A/C,  equipped  with  two  small  jet-engines  Turbo- 
meca  MarborA  at  the  tip,  mainly  designed  to  in- 
crease the  take-off  and  climb  performances,  which 
were  much  improved  indeed. 

Another  scheme  to  conteract  the  formation 
of  the  wing-tip  vortex  is  a blowing  slot  along 
the  tip  whose  the  jet  is  directed  opposite  to 
the  vortex  ; figure  12  b illustrates  a prelimi- 
nary test  made  on  a large  aspect-ratio  semi-span 
wing  in  the  ONERA/Cannas  wind-tunnel  to  demonstrate 
the  complete  destruction  of  the  vortex  core  and 
also  the  net  gain  on  Cp  net  including  the  small 
blown  jet  momentum  ; such  a device  would  be  very 
attractive  to  reduce  a part  of  the  vortex  pollu- 
tion on  large  A/C  (in  fact,  this  research  was 
initiated  for  reducing  the  vortex  wake  interac- 
tion on  a helicopter  rotor). 


A- 1-4)  INTRODUCTION  OF  THE  SUPERCRITICAL 
TECHNOLOGY 


Since  about  fifteen  years,  the  advance  in 
wing  design  have  followed  an  "evolutionary" 
process  more  than  a revolution.  [_  bl  and  b2  ] . 
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The  main  advantage  of  these  advanced  air- 
foils is  a higher  drag  divergence  than  a conven- 
tional section  (NACA  family)  for  a given  thick- 
ness ; on  the  other  hand,  this  concept  can  be 
utilized  to  increase  airfoil  thickness  for  a 
given  drag  divergence  Mach  number  ; thus,  two 
types  of  applications  are  possible  : 


a)  Keeping  the  same  cruise  Mach  number,  (figure 
14  a).  The  wing  thickness  can  be  increased  : 

- to  reduce  the  structural  weight  for  a gi- 
ven planform, 


The  basic  idea  was  to  design  a wing  section 
able  to  develop  on  its  upper  surface  an  exten- 
ded local  supersonic  flow  without  a too  strong 
shock  at  the  rear,  causing  boundary- layer  sepa- 
ration ; for  that,  a rapid  expansion  must  be 
developed  around  a pronounced  curvature  near 
the  leading-edge  ; then  a quasi-isentropic  re- 
compression  must  take  place  to  reduce  smoothly 
the  supersonic  Mach  number  ahead  of  a weak  shock 
(figure  13  ). 

Due  to  this  velocity  peak  near  the  leading- 
edge,  the  first  advanced  airfpila  were  named 
"peaky”  by  N.  P.  L scientists  in  V.  K.  ; the 
supercritical  sections  are  also  characterized 
by  a substantial  rear  loading  due  to  aft  camber, 
a flat  upper  surface,  a large  nose  and  a cusped 
lower  surface  ahead  of  a thin  trailing-edge  ; 
for  a given  thickness  ratio,  this  shape  accomo- 
dates a wider  spar  and  more  room  for  the  inter- 
nal fuel.  Since  about  ten  years,  a large  part  of 
the  development  of  these  supercritical  airfoils 
in  U.S.A  must  be  credited  to  Dr.  R.T.  Whitcomb 
at  NASA-Langley  [ bb  ];  in  the  mean  time,  con- 
siderable progress  on  theoretical  predictions 
were  realized  thanks  to  computerized  calcula- 
tions of  the  transonic  Viscous  flow. 


- to  increase  the  aspect-ratio  for  a given 
wing  weight  (better  aerodynamic  efficiency 
L/D) 

- and  to  put  more  internal  fuel. 

Another  alternative  is  to  reduce  the  wing 
sweep  to  have  better  high  lift  capability  and 
a better  L/D  at  low  speed  ; in  fact,  the  opti- 
mum configuration  is  generaly  obtained  by  a com- 
promise between  thickness,  aspect-ratio  and  sweep 
angle,  taking  into  account  the  structural  weight 
and  the  global  aerodynamic  performances  suitable 
for  a given  mission. 

b)  Increasing  the  cruise  Mach  number  (figure  141) 
was  the  original  goal  of  the  supercritical  tech- 
nology, before  the  fuel  crisis  ; in  fact,  a near 
sonic  configuration  (supercritical  Ffl-H)  was 
flight  tested  by  NASA  and  several  transport  A/C 
projects  were  studied  which  have  shown  improve- 
ments on  the  range  factor,  and  of  course  on  the 
block  speed,  giving  more  productivity  : but  the 
high  manufacturing  price  of  such  sophisticated 
aircraft  (including  a difficult  fuselage  area 
ruling)  and  its  poor  fuel  usage  more  than 
offset  its  small  speed  advantage. 
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SUPERCRITICAL  TECMnOLOGY  APPLICATIONS 
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llie  state  of  the  art  on  aupercri  t leal  air- 
foil*  .irom  published  2 Dimensional  results,  ia 
given  on  figure  IS  : the  upper  curves  give  a 
good  overview  of  the  progreaa  on  the  drag  diver- 
gence Mach  number  made  in  airfoil  deaign  from 
the  firat  jat-tranaporta , to  preaent  wide-body 
jets  and  to  new  ’Supercritical"  current  projecta 
Tlie  lower  diagram  givea  the  drag  divergence  Mach 
number  (for  a given  C.  “ O.S)  aa  a function  of 
airfoil  relative  thickness,  reapectively  for 
conventional  and  for  aupercritical  arctiona  de- 
veloped recently  by  varloua  laboratoriea  and 
f i rma  ; 

- for  a given  thirkneaa,  the  gain  on  the  limit 
Mach  number  can  reach  about  AM  * 0.1, 

- for  a given  limit  Mach  number  M__,  * aupercri- 
tical  section  permits  about  SO  T more  thick- 
neaa  than  a conventional  one  ; thia  laat  re- 
ault  ia  very  impreaalve  when  tranaferred  in 
wing  atructural  weight  saving  ; for  example, 
increasing  the  wing  thickness  from  I?  X to 

18  X on  a typical  twin- jet /cargo  tranaport 

Aircraft  (CW  - 7S.000  Kg.  AR  - 10, A - 2S*) 
reduce  the  wing  atructural  weight  by  about 
2S  T,  i.e.  more  than  1 t of  the  gross  weight. 

To  validate  these  impressive  gains  ob- 
tained in  wind  tunnela  on  very  thick  aupercri 
tical  sections,  two  experimental  unawept  "trai- 
ner" A/C  were  flight  tested  with  the  same  tech- 
nique (existing  conventional  wing  covered  by  a 
plastic  "glove"  with  new  aupercritical  shapes)  ; 
figure  IA  illustrates  some  typical  results 
obtained  on  a T-2C  trainer  in  U.S  and  on  a T-33 
trainer  in  France,  reapectively  ; 


of  the  drag  measured  in  flight  on  both  configu- 
rations show*  that  they  have  almost  exactly  the 
same  drag  divergence  Mach  number  (M^  » 0.7  at 

f.  - 0.5)  ; moreover,  the  buffeting  onset  ia  im- 
proved in  all  the  flight  domain  with  thia  very 
thick  aupercritical  section  and  the  low  speed 
maximum  lift  coefficient  in  flap-up  configura- 
tion ia  improved  by  50  I I 


b)  More  recently,  a 17  T thick  supercritical  sec- 
tion designed  by  Aerospat iale/Suresnes  in  1975 
was  fitted  to  a T-33  wing  equipped  with  conven- 
tional NACA  13  T thick  sections  (French  MOD/ONKRA 
and  Civil  Aviation  program)  : here  again  the 
flight  tests  fill  ] have  confirmed  the  wind-tun- 
nel predictions  : about  the  same  drag  divergen- 
ce Mach  number  (M^*  0.76  at  • 0.3  ),  for 
both  configurations,  but  alto,  excellent  maxi- 
mum lift  (C,  • 1.65)  and  handling  qualities 

at  low  speed  nn!i  good  aileron  response  up 
to  Mpp  for  the  supercritical  configuration. 


A tvpicat  example  of  the  aerodynamic  design  of 
thick  wing  for  a swept  subsonic  transport  is  gi- 
ven( figure  17 ) from  a recent  theoretical  and 
experimental  study  by  Nl.R  T : Ihe  main  ob- 

jective of  this  design  was  to  obtain  an  almost 
shock  free  supercritical  flow  on  the  upper  sur- 
face of  a AR  - 8,  20*  swept  wing  fitted  with 
very  thick  supercritical  sections  (18  X at  the 
root,  15  X at  the  tip)  for  deaign  Mach  number 
M • 0.75  at  Cj  ■ 0.45  ; comparisons  between 
predicted  and  Wnd-tiinnel  measured  pressures  in 
3 dim.  flow  are  in  very  close  agreement  and  the 
drag  divergence  obtained  in  wind-tunnel 
(Rf  - 2.5  x 10")  is  exactly  aa  predicted  (M^  - 

0.75).  ™ 


a)  in  1969,  a 17  t thick  supercritical  section 
designed  by  Rockwel 1 /colombus  for  NASA  [241  was 
fitted  to  the  production  T-2C  wing  having  con- 
ventional 12  X thick  NACA  sections  j comparison 


It  must  be  remrmbered  that  a typical  short 
haul  A/C  still  in  service,  having  about  the 
same  cruise  Mach  number  - 0.75,  and  fitted  with 
a 20*  swept  wing  must  hsve  much  less  thickness 


(12  X conventional  NACA  aectiona). 


We  shall  .see  later  (aection  A-5)  an  attrac- 
tive application  of  thick  supercritical  aectiona 
to  very  large  flying  wing  cargo  A/C,  the  "span- 
loader",  and  to  various  more  "claaaical"  near- 


^ 

term  transport  Aircraft  projects  (fig.  28-34)  : || 

aubatantial  fuel  savings  are  obtained  mainly 
through  a global  optimisation  of  wing  aspect- 
ratio,  sweep  and  thickness,  i.e.  better  aero- 
dynamic and  structural  efficiencies  indirectly 
given  by  a supercritical  design. 
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A-2)  PROCRESS  ON  STRUCTURAL  EFFICIENCY  AND 
INTRODUCTION  OF  COMPOSITE  MATERIALS 


By  the  use  of  improved  structural  airframe 
design  (computer  programs  for  structural  op- 
timisation) and  nev  materials  (particularly 
composites),  up  to  2$  Z reduction  in  airframe 
empty  weight  may  be  possible,  which  would  trans- 
late into  fuel  savings  of  10  to  IS  Z 
as  pictured  on  figure  18  for  the  next  fifteen 
years  a/C  designs. 
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At  first,  advanced  structural  concepts  and 
new  manufacturine  techniques  [6  ] will  make  a 
large  contribution  to  reduction  of  airframe 
coat  and  weight  (less  structural  components, 
use  of  integrally  machined  panels,  bonded  me- 
tal honeycomb,  superplastlc  formed  diffusion 
bonded  titanium,  etc...). 

Furthermore,  new  advanced  "super-pure"  alu- 
minium alloys  will  permit  significant  reduction 
on  structural  weighta-as  large  as  8 to  10  Z 
tA]  -for  the  80' a projects. 

Another  major  technological  development  of 
recent  years  is  advanced  composite  materials  ma- 
de with  graphite,  boron  or  kevlar  fibers  in  an 
epoxy  matrix,  which  offer  much  superior  ratios 
of  strength  and  stifness  to  density  C 7 1; 

but  the  principal  barrier  to  an  extensive  use 
of  composite  materials  for  the  next  generation 
of  transport  A/C  is  the  lack  of  experience  on 
their  durability  and  maintenance  problems  for 
a 50.000  flight  hours  life  extended  on  a 20 
years  period  (we  have  already  accumulated  more 
than  forty  years  experience  on  Alumlniwn  struc- 
tures, both  in  service  and  in  laboratory  tests)  ; 
that  is  why  the  first  step  to  obtain  the  neces- 


sary experience  under  actual  service  conditions 
has  been  to  begin  with  secondary  - non  critical- 
structural  components  (spoilers,  ailerons,  fai- 
rings, rudders,  etc...)  or  with  use  of  composite 
reinforcements  applied  on  metallic  primary  struc- 
tures (to  extend  the  life  of  military  A/C,  as  on 
a C-130  cargo  A/C).  Such  demonstrations  began 
about  five  years  ago  in  several  countries,  the 
stiongest  technological  effort  being  made  by 
the  U.S.A.F.  Material  Laboratory  and  by  NASA 
(composite  primary  A/C  structures,  a ten-year 
progtam  extented  up  to  a complete  wing  primary 
structure,  ( I )) . 

In  those  conditions,  for  the  next  transport 
A/C  generation  of  the  early  1980's,  the  use  of 
composite  will  be  restricted  to  secondary  parts 
as  floor  beams,  trsi ling-edge  surfaces  or  fai- 
rings (also  applicable  as  retrofit  items  on  in 
service  A/C)  ; then,  the  fuel  reduction  to  be 
achieved  on  first  phase  would  be  rather  modest: 
for  example,  on  a typical  wide-body  transport 
(L— 1011  or  DC-10),  a 2500  Kg  weight  reduction 
permits  about  1 7.  fuel  savings  ; then  onw  needs 
about  12500  Kg  of  composite  structure  applica- 
tion  (with  an  estimated  20  Z weight  reduction 
Viz.  aluminium  structure)  to  have  this  1 Z fuel 
savings  in  operation.  Consequently,  the  maximum 
fuel  savings  for  the  next  A/C  generation  would 
be  between  I and  2 Z [ 5 ],  but  it  is  a part 
of  a mandatory  learning  cycle. 

In  fact,  the  real  pay-off  will  be  their  use 
on  primary  structures  : for  example,  a composite 
wing-box  structure  applied  on  a new  A/C  (of  the 
B-747  class)  might  save  about  7500  Kg  - equi- 
valent to  75  passengers  payload  or  abouc  3 Z 
savings  in  block- fuel  ; but  it  is  too  early 
for  a sound  manufacturer  to  launch  now  such  com- 
posite construction  into  a non-removable  pri- 
mary structure  with  a risk  ofageing  phenomena 

[ A 1. 

If  we  look  now  to  far-term  introduction  of 
composite  materials  into  transport  A/C  projects, 
it  seems  intereeting  to  briefly  summarize  some 
trends  from  general  studies  ssked  by  NASA  to 
Boeing  [ 56  ) : during  the  course  of  a parame- 
tric analysis,  they  have  looked  at  the  structu- 
ral weight  penalty  to  improve  the  aerodynamic 
efficiency  through  an  increase  of  aspect-ratio 
for  a Mach  0.8  long-range  wide-body  advanced 
transport  A/C  (200  passengers, on  a 3000  nM  stage 
length,  where  about  80  Z of  the  block-fuel  is 
consumed  during  cruise)  ; the  wing  shape  is  gi- 
ven : sweep  : A I /A  • 30*,  and  supercritical  air- 
foil thickness  from  15.5  Z at  the  root  to  10  Z 
at  the  wing-tip  ; figure  19  a gives  the  wing 
weight,  respectively  for  a conventional  alumi- 
nium structure  and  for  an  advanced  composite 
structure  (with  - 10  Z and  - 25  Z weight  savings) 
as  a function  of  the  wing  aspect-ratio  (from  8.6 
to  12)  ; we  have  already  seen  (section  A- 1-3) 
increasing  aspect-ratio  is  a very  powerful  way 
to  increase  the  fuel  usage  (here  6 Z savings 
from  AR  ■ 8.6  to  12),  but  a full  benefit  of  com- 
posite materials  is  also  very  beneficial  : 4 Z 
fuel  savings  for  a 25  7 advanced  composite  struc- 
ture ; in  this  later  case,  figure  19  b gives 
some  details  on  such  a long-term  transport  A/C 
structure  : 

- graphite  epoxy  honeycomb  for  the  wing,  wherr 
advanced  composite  material  is  particularly 
advantageous  for  s hiRh  aspect-ratio  wing-box 
(designed  for  gust  and  flutter  considerations 
rsther  than  for  maneuver) , 


J, 


- graphite  epoxy  for  fuaelage  and  empennage  pri- 
mary structure,  for  all  control  aurfacea,  and 
for  propulsive  nacelles  with  integrated  acous- 
tic treatment  ; all  figures  in  Z are  given 
relative  to  aluminium  skin  stringer  construc- 
tion [ Sd  3 • 

To  conclude  this  section,  it  seems  interes- 
ting to  point  out  the  structural  wing  weight 
sensitivity  to  geometric  parameters,  as  shown  on 
a typical  modern  wing  design  (figure  20)  : 


sensible  weight  reduction  for  given  AT  and  sweep 


aspect-ratio  : increasing  AH  is  very  detrimen- 
tal to  the  wing  weight  if  t/c  is  not  increa- 
sed , 


wing  sweep  : the  structural  weight  increases 
slowly  with  the  sweep  angle. 


Again,  it  is  clear  that  the  Introduction  of  the 
supercritical  technology  is  the  solution  to  im- 
prove both  the  structural  and  the  aerodynamic 
efficiencies . 


wing  thickness  : thicker  airfoils  lead  to  a 
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A-1)  PROCRF.SS  ON  ACTIVE  CONTROL  TEOINOLOCY 

In  this  section, w«  shsll  detail  some  active 
control  systems  which  will  be  a small  part  of 
the  integrated  digital  systems- Instal led  on 
future  transports  J ; we  have  already  some 
ideas  about  the  avionics  technology  available 
in  the  next  twenty  years  C 1 . which  probably 
will  be  a key  to  fuel  savings,  because  its  large 
impact  on  better  operational  procedures  (see 
section  B-3)  ; this  integrated  digital  system 
will  monitor  : 

- fully  digital  automatic  flight  controls,  plus 
central  air-data  systems, 

- fully  automated  three-dimensional  navigational 
flight- path  control, 

- attitude/heading  reference  systems  using  laser 
gyros, 

- autoland  capability  for  category  III. all  wea- 
ther landing, 

- optimized  profile  navigation  (4  dim.)  for  fuel 
savings , 

- digital  data  busses  (using  also  fiber-optic 
technology,  for  in-boarcl  transmissions) , 

- flight  operations  controlled  from  the  ground 
through  dnta-link  communications, 

- propulsion  control  and  A/C  fuel  management, 

- and  finally,  active  airframe  control  technolo- 
gy (ACT)  based  on  a fly-by-vTre  installation. 

For  a transport  A/C,  the  most  important 
requirement  for  a safe  application  of  active 
controls  is  an  extremely  high  level  of  reliabi- 
lity in  all  the  components  of  the  system  f 1 J, 
and  particularly  the  computers  which  rust  be  ca- 
pable of  failure  detection,  identification  and 
recovery. 


ACTIVE  CONTROL  TECHNOLOGY 
ON  FUTURE  TRANSPORT  A/C 
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A-3-1)  RF.1AXF.11  STABILITY 


Several  current  commercial  ttar.spott  and 
military  A/C  have  already  acme  stability  aug- 
mentation systems  (yaw  damper  are  already  in  ser- 
vice on  many  existing  A/C)  ; but,  here,  the  main 
objective  will  be  to  reduce  the  tail  sire  as  ex- 
plained on  figure  t i-a  for  a conventionnal  A/C 
configuration  J thanks  to  a reduced  trim  drag 
in  cruise  and  in  flap-down  configurations,  and 
to  a reduced  tail  weight,. a "snowball  effect" 
leads  to  a smaller  A/C,  i.e.  le»!>drag,  and 
finally  to  a sensible  fuel  savings. 


The  main  goals  of  active  control  technology 
for  transport  A/C  are  [4t),4l  and  42  : 

- relaxed  static  stabilities, 

- maneuver  load  control, 

- ride  improvement  and  gust  alleviation, 

- flutter  mode  control, 

- direct  lift  and  side-force  control, 

- center  of  gravity  control. 


On  a transport  A/C  the  center  of  gravity 
range  is  determined  by  passenger  and  freight 
acconmtodation  ; figure  22-b  explains  how  the  sa- 
me C.C  range  can  be  obtained  with  a large  hori- 
zontal tail  surface  reduction  thanks  to  stabili- 
ty augmentation  ; however  the  maximum  aft  C.C 
location,  i.e.  the  amount  of  controlled  instabi- 
lity is  generally  limited  by  control-power  and 
by  nose  wheel  steering  (for  an  imposed  mair  un- 
dercarriage location,  generally  fitted  to  the 
wing)  ; in  the  figure  22 bfor  example,  about  7 J 
aft  movement  of  C.C  leads  to  a 25  T reduction 
on  the  horizontal  tail  area,  with  the  same  re- 
quired C.C  range. 


- variable  camber  and  flight  envelops  limiting. 

Some  of  thesa  Items  are  directly,  idrag  reduc- 
tion) or  indirectly  (weight  reduction)  attractive 
for  fuel  eavinge,  either  for  the  next  transport 
A/C  generation  and  even  derivatives  of  existing 
A/C,  or  more  generaly  for  longer-term  projects. 
Figure  21  gives  a sketch  of  such  idealized 
ACT  transport  which  highlights  the  importance 
of  the  new  avionics  systems. 


A practical  application  of  relaxed  stabili- 
ty is  already  planned  by  Lockheed  for  its  "Tri- 
etar"  derivative,  the  L-101 1-500,  which  will  in- 
corporate both  a tip-extension  (see  next  aectior 
A- 3-2),  and  a reduced  horizontal  tail  surface 
[5  figure  22  c shows  that  the  new  ho- 

rizontal tail  has  a 37.5  X area  reduction,  less 
sweep,  but  the  same  longitudinal  control  power  ; 
the  combination  of  the  reduced  structural  weight 
(-720  Kg,  i.e.  about  0.4  t of  its  grots  weight), 
and  of  friction  and  trim  drag  reductions  .leads 
to  s 3.3  X fuel  savings  for  the  stsndstd  mission 
of  this  wide-hody  A/C. 
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Relaxed  stability  has  been  successfully 
flight  tested  on  several  military  A/C  (B-52/CCV, 
F-4/CCV,  YF-16,  etc...)  5 during  the  B-52/CCV 
study*  Boeing  has  calculated  that  a nev  bomber 
having  the  same  long-range  mission  (6430  nM) , 
would  have  a take-off  gross  weight  of  175  tone 
instead  of  204  tons  for  the  current  production 
B-529  i.e.  a 14  X weight  saving. 


THEN  THE  ASFECT 
RATIO  CAN  BE  INCREASED 
FOR  THE  SAME  STRUCTURAL 
FATIGUE  ( SS>P^  BDfl) 
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Th.  controlled  longitudinal  instability  la 
particularly  beneficial  on  a tailleaa  configura- 
tion, aa  it  will  be  ahown  (.action  A-7)  for  the 
French  experimental  Concord,  n*  I . 

In  principla,  th.  fin  ait.  can  be  reduced 
in  a similar  manner  thank*  to  an  active  control 
on  the  yaw  mod*,  the  limitation  baaing  often 
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Che  yawing  moment  power  needed  to  trim  a wing- 
pod-  engine  failure. 

A- 3-2)  MANEUVER  LOAD  CONTROL 

The  baaic  concept  of  maneuver  load  reduction 
ia  illuatrated  on  figure  23  • • s the  apanwiae 
aerodynamic  loading  of  an  efficient  wing  ia  ua- 
ually  near-elliptical,  aa  shown  on  the  left-aide 
of  the  first  sketch  ; to  reduce  the  wing  root- 
bending moment  during  a maneuver,  active  aileron* 
are  symmetrically  up-deflected,  proportionally  to 
the  angle  of  attack  increase,  in  view  to  obtain 
leas  load  on  the  wing-tip,  i.e.  a smaller  root- 
bending moment  for  the  same  global  load  (right- 
side  upper  sketch). 

The  pay-otf  of  this  concept  was  demonstrated 
in  flight  f 41  ] on  the  U.S.A.F  experimental 
B-52/CCV  (40  X reduction  in  wing  root-bending 
moment  per  g for  a An  • Ig  maneuver),  and  on  the 
U.S.A.F  cargo  C-5A  (30  to  30  X bending  moment 
reduction  throughout  the  flight  envelope  ). 

These  gains  can  be  used  : 

- either  to  reduce  the  wing  structural  weight 
(-  5 X in  design  gross  weight  of  a large  bom- 
ber/B-52  class) 

- or  to  improve  airframe  life  (as  proposed  for 
the  C-5A) 

- or  to  increase  the  nominal  design  weight 
without  wing  structural  modifications  for  an 
existing  production  A/C. 

But,  because  of  fuel  crista,  a cleverer  approach 
is  a tip-extension  (figure  23- b)  in  an  amount 
which  just  restore*  the  bending  moment  at  the 
original  design  value  ; Lockheed  plans  for  1980's 
a modified  version  of  its  L-10H  Tristar  with 
such  an  active  aileron  system  which  permits  a 
9 ft  tip-axtension  (about  6 X of  the  original 
span)  without  structural  modification  at  the 
wing-root  C 5 3;  * larger  aspect-ratio  improves 
the  aerodynamic  efficiency  and  leads  to  a pre- 
dicted 3 X fuel  savings  i positive  and  negative 
symetrical  active  aileron  deflection  ia  also 
used  to  damp  out  the  first  elastic  wing  bending 
response  for  reducing  wing  gust  loads  (better 
passenger  comfort)  ; we  have  seen  previously 
that  thia  same  project  will  be  fitted  later  with 
an  active  horisontal  tail  to  inaure  relaxed  lon- 
gitudinal atability  and  longitudinal  gust  alle- 
viation ; then,  the  global  fuel  saving*  would  be 

- 6.5  X. 

A-3-3)  RIDE  CONTROL 

Flight  through  turbulence,  giving  an  uncon- 
fortable  ride,  results  both  from  : 

- the  rigid  response  of  the  airplane  (usually  the 
case  for  general-aviation  with  low  wing-loading) 

- and  the  excitation  of  the  airplane’s  structu- 
ral modes  (usually  the  case  for  large  flexible 
transport  A/C) . 

Various  active  control  system*  have  been 
successfully  flight  tested  in  both  cases  on  ex- 
perimental A/C  (B-52/CCV , B-l  Bomber,...)  and 
even  certificated  on  transport  A/C  : on  the  B- 
747,  a system  was  applied  to  improve  the  lateral 
ride  qualities  in  the  af t-fuselage,  which  opera- 
te* the  rudder  to  suppress  the  structural  modes 
and  to  reduce  the  lateral  acceleration  (more 


than  50  X lateral  acceleration  reduction  for  the 
aft-cabin  passengers).  Since  ride  improvement 
systems  are  not  flight  critical,  they  should 
come  very  early  into  airline  service,  mainly  on 
short-haul  A/C  flying  often  in  a low  altitude/ 
bad  weather  ; but  such  comfort  improvement  has 
no  direct  pay-off  on  the  energy  efficiency. 

A- 3-4)  GUST  LOAD  ALLEVIATION 

The  most  spetacular  application  of  a load 
alleviation  and  mode  suppression  system  was  made 
on  the  entire  B-52-C  fleet,  in  order  to  reduce 
the  A/C  acceleration  response  to  turbulence  at 
its  primary  bending  mode  frequencies,  i.e.  redu- 
cing fatigue  damage  during  low  altitude  high 
speed  penetration  missions  (increased  service 
life  by  a factor  of  eleven  !)  [AO  to  A2)  • 

Another  application  is  the  yaw  damper  installed 
on  the  Lockheed  L.— 1011  to  reduce  vertical  tail 
loads  by  about  20  X. 

However  a full  application  of  gust  load 
alleviation  for  structural  weight  savings  is  dif- 
ficult because* flight  critical" (very  high  system 
reliability  is  mandatory, and  in  some  cases  a 
gust  alleviation  system  can  induce  more  load 
than  without  ACT  system). 

> A- 3-5)  FLUTTER  MODE  CONTROL 

Since  flutter  phenomena  is  an  explosive  ty- 
pe of  instability  (i.e.  can  cause  catastrophic 
structural  damage  in  seconds),  a flutter  mode 
control  system  (typical" flight  critical)  would 
be  applicable  on  transport  configuration*  only 
for  off-design  conditions,  such  as  "overspeed" 

C 41  1. 

However,  flutter  control  systems  are  very 
attractive  on  some  military  A/C,  for  example  to 
prevent  wing/store  flutter  (the  external  load 
can  be  jettisoned  in  case  of  ACT  system  failure). 

A- 3-6)  DIRECT  LIFT  AND  SIDE  FORCE  CONTROL 

Such  capabilities  must  improve  the  maneu- 
vrability  of  large  transport  a/c,  mainly  in  ter- 
minal area  ; thus,  such  systems  will  be  helpful 
for  improved  take-off  and  approach  trajectories 
(noise  and  delays  reduction,  increase  of  Airport 
Traffic,  see  section  B-3) . Direct  lift  can  be 
developed  by  dedicated  secondary  flaps  or  by 
spoilers  ; direct  side-force  can  be  induced  by 
differential  deflection  of  canard  surfaces  (fi- 
gure 2 1 - A ) . 

A- 3-7)  CENTER  OF  GRAVITY  CONTROL 

An  appropriate  transfer  of  fuel  mass,  through 
an  automatic  pumping  system  between  various  tank* 
is  a very  simple  means  ofadjusting  the  A/C  static 
margin  to  optimize  its  aerodynamic  efficiency. 

On  a tailless  configuration  like  Concorde 
SST,  this  C.G  control  is  vital  to  cop*  with  the 
large  rear  shift  of  the  aerodynamic  center  from 
subsonic  to  supersonic  regime  (see  section  A-7 
and  figure  43  ). 

Even  for  a subsonic  transport  A/C, such  a 
progranmsdC.G  adjustment  might  be  used  to  reduce 
the  trim  drag  due  to  a too  large  static  margin  ; 
this  technique  is  particularly  attractive  for 
long-range  military  A/C  [ 6 J,  like  the  bomber 
B-52  (2  X fuel  savings),  and  the  U.S.A.F  airlift 
fleet  : C-5A  (-  1.6  X FS),  C-141  (-  2 X FS),*nd 


C-130  (-  0.9  Z PS)  ; on  tha  civil  transport  aid* 
Lockheed  estimatee  that  t Z aft  C.G  movement 
would  lower  fuel  burn  by  0.2  Z,  and  about  the 
aame  level  is  given  for  the  Airbus  A- 300  (I  Z 
fuel  savings  for  3 Z aft  C.G  shift). 


such  a caee,  active  control  technology  would 
have  a decisive  impact  on  the  development  of 
new  projecta  over  the  next  20  years. 


A good  example  of  such  impact  was  recently 
given  by  an  USAF/FDL  sponsored  design  exercise 
with  Boeing  C^I  3 : 

Two  preliminary  designs  were  conducted  around  a 
large  tanker  Aircraft  project,  able  to  off-load 
a 135  tons  payload  on  a prescribed  refueling 
mission  (figure  24  ) ; the  firat  design,  using 
normal  procedures,  gave  a very  conventional  con- 
figuration, with  a gross  weight  of  430  tons  ; 
the  other  project,  in  which  five  active  control 
concepts  were  introduced  simultaneously,  waa 
very  different  indeed  : 


A- 3-8)  VARIABLE  CAMBER  CONTROL  AND  FL1CHT  BNVE- 


The  main  objective  of  an  automatic  control 
of  the  wing  flaps  deflection  is  to  optimise  the 
aerodynamic  efficiency  L/D  (fuel  savings)  during 
all  flight  regimes  without  pilot  workload  ; 
for  aach  regime  (take-off,  climb,  cruise,  loiter 
approach...)  there  are  optimal  combinations  of 
leading-edge  flap  (or  slat)  and  of  trailing-ed- 
ge  flap  deflectiona  which  give  the  beat  L/D,* 
thay  are  easy  to  control  with  tha  on-board  com- 
puter. 


thanks  to  relaxed  stabilities  control  on 
pitch  and  yaw  modes,  the  horisontal  tail  was 
removed  and  the  fin  surface  was  reduced  ; the 
wing  sise  and  weight  were  also  reduced  thanks 
to  active  load -control  ; and  the  thrust  of  the 
four  fan-engines  was  also  reduced  (less  drag). 


For  flight  envelop* -limiting,  the  active 
control  ayatem  ia  used  to  prevent  Aircraft  from 
entaring  some  dangerous  portions  of  its  flight 
envelope  (in  terms  of  angle  of  attack,  normal 
accelaration,  Mach  number,  etc...)  ; safety  is 
more  involved  than  economy  for  such  a task. 


The  main  benefits  due  to  ACT  application  are 


impressive 


A- 3-9)  IMPACT  OF  ACTIVE  CONTROL  TECHNOLOGY 
ON  TRANSPORT  AIRCRAFT 


25  Z reduction  on  empty  weight  and  16  Z on  the 
gross  weight, (G.W  - 380  tons). 


To  conclude  on  the  ACT  pay-off  in  perfor- 
mance and  economy  for  transport  A/C,  it  is  im- 
portant to  recall  that  such  a concept  must  be 
introduced  and  evaluated  at  the  preliminary 
dssign  stage  of  a project,  taking  into  account 
tKT  various  interferences  on  the  other  discipli- 
nes (aerodynamics,  structures,  propulsion)  ; in 


about  25  Z fuel  savings 


a reduction  of  20  Z on  the  first  cost  for 
fleet  of  100  A/C, 


a reduction  of  11.5  Z on  the  yearly  operating 
cost. 


appucation  os  active  control  technologies 

TO  A LARGE  TANKER  VC 
PRELIMINARY  DESIGN 


A/C  SHAPE 

modifications 


BENEFITS 

DUE 

TO  ACTIVE 
CONTROLS 

*w  ttw 


IHPACT  OF  A.C.T.  / C.C.V. 
on  FUTURE  A/C  DC5IGH  AnD  ECOHOnY 
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to  overcoat  chit  drag  divergence  at  higher  cruiae 
Mach  number,  there  are  two  well  known  aolutiona  : 
uaing  thinner  and/or  supercritical  blade  aectiona 
and  aweeping  the  blade  leading-edge  ; and  now, 
with  the  uae  of  coapoeite  material*  and  advanced 
conatructiona  technique*,  it  i*  poaaible  to  build 
auch  blade*  [4b,  47 ] . 

As  a part  of  it»  Aircraft  Energy  Efficiency 
prograan  [ 1 J,  NASA  has  aaked  the  Hamilton  Stan- 
dard diviaion  of  United  Technologiea  to  deeign  and 
teat  in  wind-tunnel  a family  of  tranaonic  propel- 
ler*, or  "prop-fan*"  ; theae  teat*  have  ahown  that 
a full-acale  propulaive  efficiency  of  about  80  Z 
can  be  obtained  at  a cruiae  Mach  number  of  0.8, 
i.e.  about  20  Z higher  than  that  of  the  beat  advan- 
ced Turbo-fan  (fig. 26)  ; auch  a propeller  require* 
a power  loading  about  three  time*  higher  than  that 
of  conventionnal  propeller*  (i.e.  about  300KW/m2) 
with  eight  blade* , having  very  thin  (2  7)  and 
awept  (30*)  tip  aectiona,  and  advanced  aupercriti- 
cal airfoil*  all  along  the  blade  ; finally  the 
prop-fan  diameter  ia  about  one-half  that  of  a con- 
ventional propeller  (no  inatallation  problem* 
with  a low-wing  configuration). 


The  above  mentioned  gain  on  propulaive  effi- 
ciency over  the  conventionnal  turbo-fan  cornea  main- 
ly from  much  ljwer  momentum  loaaea  with  the  lower 
preaaure  ratio  of  the  prop-fan,  but  alao  from  the 
elimination  of  the  turbo-fan  ahroud  drag  ; the 
gain*  are  even  better  at  low-apeed/of f-deaign  con- 
ditions thanks  to  its  variable  pitch,  leading  to 
shorter  field  lengths  and  better  rate  of  climb 
(the  best  final  saving  would  be  for  short-haul 
prop- fan  A/C). 
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However,  the  integration  of  the  prop-fans 
to  the  airframe  (figure  2d  is  still  quite  cri- 
tical, due  mainly  to  the  interaction  between 
propeller  slipstream  and  the  wing  in  a transonic 
environment  (aupervelocitiea , plus  flow  rotation,) 
but  also  between  the  propeller  itself  and  the 


spinner/nacelle  arrangement  ; both  analytical  and 
experimental  research  are  still  needed  to  op- 
timise a complete  A/C  configurations.  Another 
critical  area  is  the  fuselage,  located  in  the 
noise  field  of  the  transonic  propeller  (propeller 
tip  speed  - 240  m/sec,  i.e*  slightly  supersonic 
it  H ■ 0.8  cruise), which  gives  an  overall  near- 
field sound-pressure  level  of  about  146  dB  ; 
then,  a very  effective  acoustic  treatment  of  the 
fuselage  around  the  wing-mounted  prop-fan  is 
mandatory  (very  difficult  to  cure  because  this 
noise  ia  mainly  at  low  frequency,  which  need*  a 
quite  large  structural  weight  penalty,  i.e.  some 
degradation  in  the  fuel  efficiency). 

Finally,  the  mechanical  maintenance  costs 
must  be  much  lower  than  with  the  old  turbo-prop 
A/C  (mainly  on  the  gas-turbine,  on  its  gearbox 
and  on  the  prop-fan  itself)  ; bi. , again,  advan- 
ced technology  can  be  applied  (better  modularity, 
increased  mean-time  between  failure). 

To  evaluate  the  future  of  new  propeller-dri- 
ven Transport  A/C,  it  ia  intereating  to  analyae 
the  result*  of  preliminary  deaign  project*  made 
by  three  U.S.  airframe  manufacturer*  for  NASA 
^4*7  ]to  point  out  the  fuel  and  operating  coat* 
aavings  potential  when  compared  with  convention- 
nal Turbo-fan  A/C  (figure27)  ; for  all  these 
studies,  the  ground  rule  was  a cruise  Mach  nuntoer 
0.8  and  the  use  of  a prop-fan  family  already 
developped  by  Hamilton  Standard  from  their  trans- 
onic wind-tunnel  tests  : 

a)  In  the  Boeing  design  study  (figure  27a),  two 
prop-fan  powered  transport  configurations  were 
compared  with  an  equivalent  technology. level 
turbo-fan  configuration,  having  the  same  mission 
(180  pax, on  3300Km  at  H • 0.8)  : all  three  confi- 
gurations are  twin-engine/wide-body  A/C,  using 
1976  airframe  and  1980  engine  technologies  J . 
One  pro-fan  design  has  the  engines  mounted  on  the 
wing,  the  other  on  struts  at  the  fuselage  after- 
body ; both  designs  have  higher  empty  weights 
than  the  turbo-fan  configuration,  due  to  the  ex- 
tra-weight of  prop-fan  systems,  but  slso  to  the 
weight  penalty  for  cabin  noise  suppression 
(2670  Kg)  with  the  wing-mounted  prop-fans  ; the 
aft-body  prop-fan  was  studied  to  avoid  this  pen- 
alty but,  in  this  case  additionnal  structure  is 
required  for  engine  struts,  and  larger  tails,and 
to  cope  with  more  severe  acoustic  fatigue  due  to 
the  propeller/fuselage  proximity. 

The  fuel  savings  for  a 500  n.M  stage  length 
is  around  13  7 for  both  configurations,  and  direct 
operating  cost  savings  are  betveen  4 and  6 Z,  de- 
pending upon  the  fuel  price. 

b)  The  Lockeed-Califomia  study  [4^  }is  based  on 
fuur  engines  configurations  for  200  passengers  on 
maximum  range  of  2780  Km  at  M » 0.6,  with  a 1985 
service  introduction  taking  account  of  new  tech- 
nologies (supercritical  wing,  AR  - 10,  active 
controls  for  relaxed  stability  , composite  secon- 
dary structure  and  advanced  engines)  ; figure  27b 
shows  that  the  gross-weights  of  the  two  candidates 
are  about  equal  (compensation  between  less  fuel 
and  more  structural  weights  for  the  prop-fan 
solution).  The  fuel  savings  for  the  prop-fan  con- 
cept is  about  20  Z for  a typical  475  n.M  stage 
length  with  58  Z load  factor.  (The  specific  fuel 
consumption  is  reduced  by  19  Z at  cruise  and  by 
26  Z during  climb,  the  later  figure  beeing  very 
attractive  for  short-haul  missions). 

The  D.O.C.  aavings  are  between  6 and  8.5  Z 
depending  upon  the  fuel  price. 
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c)  In  the  Douglas  study f 50  ],  the  DC-9- 30  was 
used  as  a basis  of  comparison  with  a modified 
version  equipped  with  two  wing-mounted  prop-fans: 
here,  the  gross  take-off  weight  and  payload  (92 
pax)  were  held  constant  ; on  the  propeller-driven 
version  the  wing  was  moved  forward  and  the  ver- 
tical tail  was  increased  by  30  X (for  one  engi- 
ne-out control)  ; again  the  prop-fan  empty-weight 
is  a little  larger  than  that  for  the  turbo-fan 
configuration.  The  fuel  savings  for  the  prop-fan 
concept  are  much  larger  than  those  of  the  two 
previous  studies  because  the  reference  A/C 
DC-9-30  uses  old  low  BPR/JT  8-D  turbo-fans  ; on 
the  other  hand,  the  prop-fan  design  was  based  on 
advanced  core  engine  technology  (JT-IO-D)  and 
on  a 8 bladed  propelled  with  244  m/s.  tip-speed, 
giving  a propeller  efficiency  of  0.8  and  instal- 
led T.S.F.C  of  0.6  Kg/h/daN  (0.53  lb/lb/hr)  ; 
in  these  conditions, the  prop-fan  derivative  uses 
33  X less  fuel  than  the  DC-9-30  for  the  290n.M 
stage  length  ; and  for  the  same  T.O.  weight,  its 
range  is  increased  by  73  X. (figure  27c) 


noise  and  cabin  noise/vibration  level,  airframe/ 
engine  integration,  mechanical  turbo-prop  mainte- 
nance) . 


A-5)  FUTURE  APPLICATIONS  OF  NEW  TECHNOLOGIES 
TO  SUBSONIC  TRANSPORT  A/C 


A-5- 1 ) SOME  NEAR-TERM  FUEL  EFFICIENT  SUBSONIC 
TRANSPORT  CONFIGURATIONS 


We  have  seen,  in  the  previous  sections, 
various  attractive  means  of  fuel  savings  in  a 
short  term  period  by  minor  Aircraft  modifications 
and  improvements  (on  aerodynamics,  structures, 
and  propulsion  system)  ; but,  in  some  cases, 
such  modifications  are  not  cost/effective  for 
the  operator  : for  example,  although  the  fuel 
savings  with  a reengined  Aircraft  is  very  subs- 
tantial (i.e.  new  CFM-56  on  a old  B-707,  see 
figure  32  ),  the  cost  of  the  engines  and  the 

airframe  modifications  could  have  such  impact  on 

The  D.O.C.  savings  for  a higher  TSFC  (0.65  D.O.C  increase  that  negates  this  type  of  fuel 

lb/lb/hr)  are  still  between  5.5  and  10  X,  depen-  savings  option  ; on  the  contrary,  a more  modest 

ding  upon  the  fuel  price.  energy  saving  given  by  an  aerodynamic  improve- 

ment (i.e.  wing-tip  extension,  etc...)  is  cost/ 

To  conclude  on  the  future  of  the  pro-fan,  effective  due  to  its  very  small  negative  impact 

it  is  fair  to  say  that  this  concept  is  again  on  the  D.O.C. 

attractive,  not  only  for  its  large  fuel  savings 

potential,  but  also  by  its  propulsive  efficiency  A second  way  which  offers  greater  potential 

superiority  over  the  turbo-fan  at  off-design  re-  fuel  savings  is  the  development  of  derivative 
gimes,  i.e.  take-off  and  climb,  cruise  at  lower  Aircraft  to  increase  the  payload/range  cfiaracte- 

altitude  and  Mach  number  (vary  interesting  for  ristica  of  the  basic  design.  Such  operation  gene- 

civil  short-haul  and  military  Cargo  A/C).  raly  requires  a substantial  development  effort; 

for  example  fuselage  stretch,  introduction  of 

More  researchedeveloppment  are  still  neceasa-  composite  secondary  structure,  general  drag  re- 
ry  , including  demonstrator  A/f, to  solve  various  duction  program,  and  even,  a complete  redesign 
technical  problems  (transonic  propeller  fly-over  of  the  wing  : this  last  option  was  taken  recent- 
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ly  by  Alrbua-Induatria  for  the  Airbus  A- 300  B-IO 
derivative  which  incorporates(f igure  28  ) : 


thicker  supercritical  airfoil  sections. 


This  new  lighter  configuration  has  a better  ener- 

- a shorter  fuaelage  (232  seats  instead  of  269  gy  efficiency  than  the  previous  configuration 

for  the  B-2/4)  (about  ♦ 6 Z on  the  seat  x Km/Kg  fuel  rstio),  and 

the  same  level  as  predicted  by  Lockheed 

- a smaller  wing  surface  but  with  a larger  aspect  for  a near-term  project  of  about  the  same  pay- 


ratio  (10.16  instead  of  8.57),and  fitted  with  load/range  class  C £6  3. 
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This  Lockheed  configuration  is  a part  of  a 
NASA  parametric  study  (RECAT  program)  around  a 
third  way  for  fuel  savings  : the  development  of 
new  near-term  Aircraft,  using  1980'  level  of 
technology  in  all  areas  : 

- aerodynamics  (supercritical  wing  with  optimised 
geometry) , 

- advanced  propulsion, 

- advanced  structure  (new  metallic  structural 
concepts  and  composite  secondary  st  ucturesl, 

- active  controls  . 

The  main  objective  of  this  program  was  to 
analyse  the  impact  of  the  fuel  price  (15,30  and 
bO  t /gallon)  on  a new  Aircraft  configuration, 
optimised  either  for  the  minimum  D.O.C  or  for  the 
minimum  block -fuel  on  a given  mission  (200  pax 
on  a 3000  nM  stage  length). 

The  major  trends  of  the  Lockheed  C 2fe  2 an<* 
Douglas  C50  3 Studies  are  given  on  figures  29  and 
30  , respectively  ; the  major  impacts  of  fuel 
cost  escalation  are  : 

- a reduction  of  cruise  Mach  number. 


is  a too  low  cruise  Mach  number  : M - 0.70  only, 
and  a too  large  span  (b  - 56.9  m)for  the  exis- 
ting Airports  handling  capacity.  The  same  trends 
are  confirmed  by  the  Lockheed  optisiisation  to 
minimum  block-fuel  (figure  29). 

It  is  important  to  point  out  that,  generally, 
a configuration  optimised  for  fuel  savings  is 
not  the  most  economic  one  for  the  operator,  be- 
cause its  larger  empty  weight  (more  manufacturing 
cost)  and  its  smaller  productivity  (lower  cruise 
speed)  ; this  statement  appears  clearly  in  a 
SN1AS  study  [51  3 on  a medium -range  twin-turbo- 
fan transport  optimization  ; furthermore,  the 
same  conclusions  are  shown  by  Boeing  from  a para- 
metric design  study  of  large  advanced  military 
transport  [ 52  ] ; using  modern  computing  techni- 
ques  with  ten  independant  variables,  the  main 
objective  was  to  optimize  a cargo  A/C  project 
alternately  for  minimum  gross  weight  and  for  mi- 
nimum block  fuel  on  a prescribed  mission  : 

- fixed  payload  : 181  tons 

- fixed  range  : 5500  nM 

- T.O  field  length  : 8000  ft  (2450  m) 

- cruise  speed  : M • 0.78 


- an  increase  of  the  wing  aspect-ratio, 

- a decrease  of  the  wing-«weep. 


Finally  the  technology  level  (or.  aerodynamics, 
structures,  propulsion  and  active  control  systems) 
was  taken  appropriate  to  a 1985  delivery. 


- an  increase  of  the  ..critical  wing  thickness. 

All  these  trends  are  accentuated  when  the  air- 
plane is  optimized  for  minimum  block- fuel  ins- 
tead of  minimum  D.O.C  1 in  the  case  of  the  Dou- 
glas study  for  example,  optimization  to  minimum 
block-fuel  leads  to  an  unswept  wing  of  very  lar- 
ge aspect-ratio  : AR  - 15.5  (not  shown  on  the 
figure  30  ) ; this  configuration  needs  a lit- 

tle smaller  block-fuel  (26.340  Kg), but  has  a 
larger  gross -weight  (124260  Kg)  than  the  previous 
minimum  D.0.C/60  t project  : but  more  oertubine 


The  table  on  figure  31  shows  that  two 
opposite  requirements  give  very  different  confi- 
gurations ; the  "minimum  fuel"  project  has  : 

- a larger  gross  weight, 

- a larger  wing  surface, with  a much  larger  aspect- 
ratio  (AR  • 12  instead  of  8 for  the  minimum 
weight"  project) 

- and  a 14  X reduction  on  the  mission  fuel  weight. 


MILITARY  CARGO  A/C 
PARAMETRIC  STUOY 


I=> 


• RANGE  : 6500  run  (10000  km) 

• FIXED  PAYLOAD  181  tonnM 

• T O FIclO  LENGTH  8000  ft  (2400  m) 

• CRUISE  MACH  ~ 0 78 
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Both  projects  are  much  more  fuel  - efficient  than  fitted  with  supercritical  airfoils  and  by  the 

a current  B-747  freighter  (+  43  X and  ♦ 75  X for  introduction  of  a graphite/epoxy  wing  structure, 

mini-weight  and  mini-fuel,  respectively)  ; redu- 
cing by  25  X the  structure  weight  fraction 
(thanks  to  far-term  advanced  technology)  gives 

a cumulative  gain  of  about  + 120  X I A-5-2)  LARGE  1TNC0NVKNTI0NA1.  CARCO  A/C 


To  conclude  on  the  potential  gains  an  fuel 
consumption  during  the  next  two  decades  or  so, 
the  figure  }2  gives  a last  picture  of  A pos- 
sible evolution  of  * subsonic  transport  refiieu 
to  the  first  generstion/turbo-jet  A/C  (B-7u7  or 
DC-8)  : the  introduction  of  new  high-by-pass- 
ratio  turbo-fans  (CFM-56,  JT-IOD,  etc...)  will 
give  the  possibility  of  about  30  X more  energy 
ef ficiency . . .and  much  less  noise  I 


A slightly  larger  gain  in  energy  efficiency  was 
calculated  by  Dassault/Breguet  on  a derivative 
of  their  Mercure  equipped  with  TWO  CFM-56  fan- 
engines,  when  compared  with  the  current  B-727- 
200,  on  a typical  600  nM  mission 


B-727-200 

Mercure  200 

* Three  JT  8D-15 

« Two  CFM-56 

(3  x 15500  lb) 

(2  x 2500  lb) 

• G.W  - 86.4  tons 

IS  G.W  « 76  tons 

(153  pax/2100  nM) 

(174  pax/ 2 300  nM) 

• Block  fuel 

on  600  nM  - 7065  Kg 

- 5266  Kg 

* Resultant  fuel  efficiency  : 


The  other  advanced  technologies  introduced 
by  NASA/Ames  in  their  transport  synthesis  com- 
puter program  optimisation  L 5b]  confirm  the 
pay-off  given  by  larger  aspect-ratio  wings 


Almost  all  the  new  technologies  discussed 
previously  can  be  applied  to  a very  attractive 
concept,  the  "apanloader"  A/C,  (figure  33  ) 

for  a future  worldwide  air- freight  transporta- 
tion system  ; both  the  military  and  the  Airlines 
would  derive  cost  savings  from  joint  development 
of  such  a cargo  system,  in  the  1990' s C5,54j. 

The  basic  requirement,  for  an  efficient 
Air  cargo  system,  is  to  be  able  to  carry  the 
standard  intermodal  container  (8'  x 8'  x 20') 
currently  transported  by  trucks  and  ships  ; 
the  basic  new  idea  (due  to  NASA  scientists)  is 
to  distribute  these  containers  along  the  span 
("spanloader”)  of  a huge  wing  to  save  structu- 
ral weight  (large  reduction  of  the  bending-mo- 
ment) ; furthermore,  a constant  chord  along  the 
span  is  very  favourable  to  reduce  the  wing  ma- 
nufacturing cost. 

We  have  seen  that  the  supercritical  tech- 
nology la  the  way  to  efficient  very  thick  air- 
foil (17  X to  about  22  X or  mora)  and  thair 
shape  is  well  suited  to  accomodate  two  rows  of 
such  containers. 

But  landing  loads  will  have  to  be  distribu- 
ted over  the  span  as  well,  and  another  good 
idea  is  to  use  an  air-cushion  landing  system 
[37  J;  the  air-cushion  technology  has  been 
already  flight  tested  on  a C-8  "Buffalo"  (USAF 
"A.C.L.8"  program)  and  this  concept  allows  to 
operate  tvm  unprepared  terrain  and  water,  a 
very  at  t r ,cTTve7apaFTriTyToirTlforT3wTJre 
transport  system. 
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The  aerodynamic  efficiency  of  euch  concept 
will  be  very  high  for  "all-wing"  configuration: 

a)  the  wetted  area,  i.e.  friction  drag,  ia  low, 

b)  a swept-back  untapered  wing  fitted  with  tip- 
fina  has  a large  "effective"  aapect-ratio, 

[ 55  1 . 

c)  an  active  control  eyatem  will  permit  relaxed 
atabilitiea  on  pitch  and  yaw,  giving  a large 
trinmed  L/D. 

Finally,  a“apanloader"conf iguration  will 
have  about  twice  the  energy  efficiency  of  a cur- 
rent B-747  freighter  (figure  33  ) thanka  to 
a payload  fraction  of  about  0.5  G.W  (inatead  of 
0.22),  an  operating  empty-weight  of  about  0.23 
C.W.  (inatead  of  0.45  for  a current  Air-cargo), 
and  a better  aerodynamic  efficiency  (L/D  ■ 22 
inatead  of  17) 

A parametric  atudy  of  large  freightera 
deaigna  have  been  made  by  Lockheed  for  NASA  [56], 
Figure  34  gives  an  overview  of  the  main 
performances  of  four  configurations  having  ; 

- the  aame  groas-weight  (544  tons) , 

- the  same  payload  (50  X G.W.) 

- the  same  structural  1 990' a technology  (60  X 
composite  materials) 

- and  1990' s advanced  turbo-fans. 

A conventional  cargo  A/C  configuration  was 
calculated  as  a reference,  which  have  a current 
cruise  Mach  number  (M  ■ 0.80)  but  a very  poor 
range  (R  » 1300  nM)  ; at  the  opposite,  two'span- 
loader"  configurations  have  about  the  same  attrac- 
tive range  (R  v 4000  nM) , but  swept  configuration 
(40*,  AR  - 6.1)  has  a higher  cruise  speed  (M  • 
0.75)  than  the  straight  wing  configuration  (M  ■ 
0.6),  i.e.  a much  better  productivity  ; finally, 
the  delta  (53*)  configuration  has  the  highest 
cruise  speed  (M  • 0.87)  but  a lower  fuel  effi- 
ciency than  the  spanloaders. 


A-6)  TOWARDS  MORE  ECONOMICAL  VTOL  AND  STOL 

CONCEPTS 

For  twenty  years,  considerable  Research  and 
Development  have  been  directed  towards  Aircraft 
configurations  able  : 

- to  take-off  from,  and  to  land  on, very  small 
platform  (VTOL  concept), 

- to  operate  from  or  into  a small  unpreapared 
airfield,  about  2000  foot  length  or  less  (STOL 
concept) . 

Both  concepts  will  be  always  more  fuel  consuming 
than  a conventional  transport  Aircraft  (CTOL) 
and  more  expensive  to  operate  f 57  3,  but  thei 

unique  operational  flexibility  is  increasingly 
appreciated  both  by  civil  and  military  opera- 
tors ; furthermore,  their  fuel  efficiency  can  be 
relatively  more  improved  than  future  "conventio- 
nal" transport  A/C  previously  discussed. 

A-6- I ) HOVKRINC  CAPABILITY  THROUGH  ROTOR  CON- 
CEPTS AND  FUTURE  ROTORCRAFT 

For  a machine  able  to  lift  a given  load  off 
the  ground  by  means  of  its  engine  thrust,  the 
first  objective  is  to  calculate  the  power  re- 
quired, to  estimate  the  price  to  pay  ; the  basic 
equations  of  the  mechanics  indicate  that  from  a 
hovering  efficiency  standpoint,  it  is  advan- 
tageous to  accelerate  slowly  a large  mass  of  air 
as  it  is  the  case  for  a helicopter  rotor  T/P  - 
2/Vs/Vs  being  the  slipstream  velocity  behind  the 
actutor, requiring  a power  P to  develop  a thrust 
T)  ; for  a high  speed-jet  exhausting  from  a 
turbo-jet  engine  or  from  a rocket.  Vs  is  about 
600  and  2500  m/sec.  respectively,  instead  of 
Vs  'w  25  m/sec.  for  a helicopter  rotor  ; this  ex- 
plains the  very  large  fuel  consumption  during 
the  hover  phase  of  a jet-VTOL  or  a space-laun- 
cher ; figure  35  gives  an  overview  of  the 
thrust/power  ratio  of  various  VTOL  candidates 
as  a function  of  the  disc -loading,  and  also  the 
fuel  consumption  for  a hypothetical  5 tons  VTOL 
(one  order  of  magnitude  between  rotors  and  ro- 
cket). 


HOVERING  CHARACTERISTICS 
HOVERiriG  OF  THE  V.T.O.L.  A/C  FAMILY 


HELICOPTER  DRAG  ACID  ITS  IMPROVEtlEIIT 


Fig.  36 


For  loot*  military  applications,  ths  hovering 
tima  can  ba  vary  abort  and  tha  tranaition  to 
high  apasd  cruiaa  ragima  takas  laaa  than  ona  mi- 
nute : in  auch  caaaa  turbo-fan  anginas  ara  wall 
adapted,  as  demonat rated  by  the  VTOL  Combat  A/C 
"Harrier"  (the  only  concapt  that  reached  a lar- 
ge developawnt) . 

But  when  a long  hovering  time  is  r>andatory 
(rescue,  etc...)  and  a high  noiae  level  prohi- 
bited (inter-city  service,  etc...),  the  best 
concept  ia  ths  rotorcraft  because  its  good  hove- 
ring efficiency  and  its  low  slipstream  velocity 
(low  noise,  low  ground  erosion,  ate...)  ; the 
major  drawbacks  of  conventional  helicopters  were 
their  poor  cruise  speed,  their  maintenance  pro- 
blems  and  thair  high  level  of  vibrations  ; but 
sines  few  years,  ths  manufacturers  and  Research 
laboratoriea  hava  considerably  improved  the  he- 
licopter performances  thanks  to  a large  drag  ra- 
duction  [ bt>,  and  60  ) ; figure  36  shows 
that  tha  parasitic  drag  still  takas  more  than 
40  X of  the  power  required  at  cruiaa  conditions 
for  a racent  helicopter  (SA  330  "Puma",C i>ft]  ) , 
but  much  more  for  previous  "dirty"  designs  ; in 
fact,  large  gaina  are  atill  poasible  on  future 
deaigna. 

As  for  the  future  conventional  * irp lanes, 
the  potential  energy  aavings  also  depend  upon 
other  technologiea  improvements  (Rotor  Aerodyna- 
mica  efficiency,  structural  weight  reduction  via 
composite  materials,  improved  gas-turbine  SFC, 
ate...)  ; thus,  figure  37-  b illustrates  the 
main  conclualona  from  a NASA/Vertol  study  based 
on  a 100  paaaengera  transport  helicopter  deaign 
[ 60  ] uaing  some  advanced  technologies  avai- 

lable in  the  I990's  : 

- regenerative-turbine  enginea,  giving  SFC  as 
low  as  0.35  lb/hp/hr. 


- rotor  hover  efficiency  improvement  (figure  of 
Merit  up  to  0.82),  through  about  10  X reduction 
of  the  induced  power, 

- advanced  structures,  giving  about  12  X empty 
weight  savings,  through  an  extenaive  use  of 
composite  materials. 

Combined  effects  of  these  improvements  could 
save  up  to  38  X of  fuel  when  compared  to  current 
helicopters  still  in  operation  ; the  same  figure 
37-  b shows  that  "super-emergency"  power  engi- 
nes,  giving  200  X power  to  satisfy  hover*one- 
angine-inoperative?  would  allow  installation  of 
two  instead  of  three  engines  on  this  project, 
with  10  X C.W  savings  and  about  25  X fuel  econo- 
my. 

Now,  it  is  interesting  to  estimate  the  ener- 
gy efficiency  of  current  and  future  helicopters 
as  compared  with  other  Air  and  Cround  Transpor- 
tation ayatema,  on  the  same  short-haul  mission 
(i.e.  200  nM,  like  Nev-York  to  Washington)  ; the- 
se comparisons,  calaculated  by  W.Z.  Stepnewski 
C 61  3.  are  given  on  figure  37-  a,  in  Kg  fuel/ 

paasenger  x Km  (or  gallon/pax  x nM) ; taking  into 
account  realistic  load  factora  for  each  mode  of 
transportation  : it  ia  clear  that  current  heli- 
copter atill  in  service  on  New-York  Airways  (Si- 
korski  S-61-L,  28  seats,  with  60  X load  factor) 
uses  much  more  energy  per  passenger  than  bus, 
train  or  standard  automobile.  But,  more  interes- 
ting ia  a 1985's  advanced  technology  100  paasen- 
gere  helicopter,  the  TH- 100,  studied  by  Vertol/ 
Boeing  [62  j , which  gives  about  32  X fuel  sa- 
vings as  compared  with  the  S-61,  and  becomes 
competitive  with  regular  jet  or  prop  A/C  service 
(with  certainly  less  delays)  ; the  longer  term 
helicopter  projects  previously  described  on  fi- 
gure 37-  b are  even  more  fuel  efficient. 


- rotor  cruiae  afficiancy  improvement ,A(-pj-)=e20X,  By  definition,  the  cruise  speed  of  a conven- 

through  the  reduction  of  profile  power,  tional  helicopter  is  limited  by  the  development 


of  tranaonlc  trouble*  appearing  on  tha  bladaa 
(incraaaed  required  power,  vibration*,  etc...), 
to  about  130-170  Kta  ; to  fly  faater,  the  TILT 
ROTOR  CONCEPT  ia  very  attractive  bacauae  it  com- 
bine* (he  hover  and  low  apeed  efficency  of  the 
helicopter  with  th*  cruiee  capability  of  a con- 
ventional turbo-prop  Aircraft  : th*  rotor*  tilt 
to  provide  vertical  lift  in  hover,  and  than 
awing  forward  to  produce  thruet  in  cruiaing  flight, 
th*  neceaeary  lift  being  given  by  the  wing  :thia 
concept  i*  currently  f 1 ight-teated  by  NASA  and 
US.  Army  on  two  experimental  Bell  XV-I5A  Tilt- 
rotor  A/C. 


An  intereating  compariaon  between  the  pre- 
vioua  100  paeeengera  tandem-rotor  helicopter 
and  a twin-tilt-rotor  project  performing  th* 
earn*  miaeion  (200  nM)  hat  been  made  by  Boeing- 
Vertol  CSZ  ^ > the  two  concept*  (uaing  I9R0'* 
technology)  arc  pictured  on  figure  36  a and  b : 
for  about  th*  aasM  groae-weight  and  the  earn* 
inatalled  power,  th*  tilt-rotor  concept  haa 
more  than  twice  th*  cruiee  apeed  of  the  helicop- 
ter , which  tranalateain  a much  better  fuel  ef- 
ficiency and  block- time  for  thia  200  nM  atage 
length  : 


,00*  1 0.03 

'0.01  'ooi  'oof. 

• X I P BUS 

_ S'?  P^J^/kq 

W % Load  Factor  I TRAIN 

UjL 

AUTO  12  pm 

IV* 

JET  A/C.  B737  100.  00%  I F 

ai 

pace  a/c,  cv  mo.  m a u 


iaiV^/ pa*  • km 
'006  ^ jal/pox.nm 


Energy 

intensity 

fora 

short  haul 


mission 

(Hew  York 
)T)  Washington)  M) 


*N*auv 
NfDUCTION.  X 


EMERGY  ASPECTS 
OF  HELICOPTERS 
to  day  ond  to  morrow 

« I 


-MIX 

ENERGY 


HELICOPTER  SB1 1.  2t  tMtv  60  \ L F 
O B BB10  *f  

AOV  HELICOPTER.  BOX  L F C 
-IOOmP  .GW  - SOSOOKf  — IV-  ~ 


• IMPROVED  ENGINE 

• REDUCED  DRAG 
•ADVANCED  STRUCTURE 


GW  30100  Kf 
BOX  L P 

N UNO  K|  v 

Po»  >»"■  , rti 
hq  Kiel 


( Mom*  on*  infmt  moprettv) 
<VCN  313  An) 


(100  X)  -PNOEI 
(Vf_  170  M») 


2 VTOL  TRAMSPORT!)  PROJECTS 
( Soemq  Vet  tol  / MASA  : 
'vjv  100pOK  <?00nm) 

VTOL  tilt  rotor 

S\  On  i IT  m 

£3  ' b blades 

L ^ v'nyT 


!(b)  100  pax  helicopter  transport 
with  advanced  technology 

(MASA/Vertol  proqnam -►  19i^0) 

Fig  37 

I5T0L  TRANSPORT  PROJECT 

booo  (Mi* id  lentfh  ( Lockheed /n  ASA 

[C)  Over- the- wing/  (14ftpOR  500 nm) 

mternolly  blown  flop  /]  Gw  t!*.A»ok, 

cdU  T.2i1«OOM 

' T.  v.  MtM  3|  (Ghat©  haw,  tRRilbb) 


GW.  r bObOOkq 
• >■’  bfcO  kW 

(A  angina*) 

Cruise  VrbbOkS 


Hot*  Hover  with 
on*  enqine  out 
(or  both  A/C 

@ 

Advanced 

tandem 


=KJ 


M"*.  PUtt  EFFICIENCY 
I b«ot  km 


Cruise 

Mock  hr, 07V 


A bhuits 


C=' 


0MC7  ♦ - 
vtw  eu 


67W200 

A 


iana«m  cw>»wo^ 

helicopter  p,«et  * 10 7»0i.W( bananas) 

r CruiM  V * Ifcb  kta 

V/5T0L  CAPABILITY  < 

AOO  FUEL  U5AGE  Fi0 


oTTt!  — ' ^ 

- — °uttas  currcmt 

,0  0 o Pumo  HCUCOPTCRb 


SHORT  MAUL 
TRANSPORTS 


— 107  lo  o o vumo  ► 
SBftT 

WO  1» — 

iebo  1 boo 


1 1000  km 


RAMGE 


Fig  38 


1000  nm 


w 


r 


Mission  : 

V cruise 

Block 

seat  x Km 

100  pax/200  nM 

Kts 

tisM.min 

Kg  fuel 

(a)helicoptar  A/C 

165 

80 

16 

(b)tllt-rotor  A/C 

350 

45 

26 

♦ 110  X 

- 44  X 

♦ 60  X 

the  fuel  efficiency  versus  range,  on  figure  38  . 
demonstrates  other  important  trends  : 

- the  advanced  large  transport  helicopter  shows 
a marked  improvement  over  the  heat  current 
helicopters  in  service, 

- the  tilt-rotor  transport  concept  is  above  the 
winged-vehicle  band  for  such  short  stage 
lengths  . 

Finally,  the  perceived-noiee  levels  at  500 
ft  sideline  in  hover  are  quite  low  (92  and  98 
PndB  respectively  for  the  helicopter  and  the 
tilt-rotor),  the  later  being  quieter  in  cruise 
mode . 

To  conclude  on  the  Rotorcraft  configura- 
tions, it  seems  they  have  a bright  future  for 
passengers  and  freight  transportation  when  ver- 
tical flight  is  mandatory  ; the  moat  demanding 
VTOL  capability  is  now  for  offshore  oil  plat- 
form traffic  (North  Ssa,  Gulf  of  Mexico, etc ..) , 
where  aufficent  range  and  speed  are  needed  ; 
also  good  navigation/equipments  and  de-icing, 
and  easy  maintenance  are  mandatory  for  such 
all-weather  missions. 


A-6-2)  SHORT  TAKE-OFF  AND  LANDINC  CONCEPTS 

Finally,  both  concepts  have  about  the  same  gross- 
We  have  already  seen  that  short-field  length  weight  (v56.5  tons)  and  the  same  thrust/weight 

for  take-off  and  landing  are  obtained  through  ratio  (w0.4). 

high  lift  systems  and/or  low  wing  loading  ; 

these  high  lift  performances  can  be  obtained  The  fuel  efficiency  of  the  OTV/XBF  concept 

either  with  sophisticated  mechanical  flaps  or  for  3000  ft  field  lengths  31.15  seat  x Km  has 

with  "powered  lift"  using  the  deflected  slip-  Kg  fuel 

stream  of  propellers  or  turbo-fans  (jet-flap  been  plotted  on  figure  38c  to  show  that  such 

affect)  ; all  these  concepts  are  now  well  proven  STOL  transport  A/C  has  about  the  same  energy  st- 
and operational  ; but,  here  again,  the  question  ficiency  than  the  best  current  short-haul  A/C, 

is  "what  price  to  pay  for  STOL  performances  ?",  but  with  much  better  field  performances  (half 

or,  more  precisely,  the  amount  of  mission  fuel  runway  length,  less  noise), 

as  a function  of  the  field  length  7 

To  conclude  this  section,  figure  40  gives 

A parametric  study  hag  been  made  by  Lock-  two  aspects  of  operational  procedures  (see  sec- 

heed  for  NASA  t 6b  3 on  the  design  of  a short-  tion  B-2)  used  on  helicopters  to  reduce  the  fuel 

haul  A/C  for  fuel  conservation  ; a typical  mis-  consumption  : 
sion  : 148  pax  on  500  nM  stage  length  was  taken 

with  the  same  level  of  technology  (advanced  NASA  - optimal  cruise  speed  and  altitude  for  fuel  sa- 
QCSEE  fan-engine  project  with  FPR  - 1.35,  i.e.  vings, 

very  low  noise  ; high  aspect-ratio  wing  with  su- 
percritical sections,  etc...)  ; two  concepts  - cruise  on  two-turbines  for  a 3-turbines  confi- 

have  been  compared  for  the  same  optimum  cruise  guration. 

Mach  number  “0.75  s 

- a four  turbo-fan-over-the-wing  scheme  with  in- 
ternally blown  flap  (0TW/1BF),  AR  -12,  A - 10*, 

(this  concept  is  currently  flight-tested  by 
NASA  on  the  experimental  QSRA/Boeing  A/C), 

- a more  conventional  twin-turbo-fan  A/C  with 
sophisticated  mechanical  flaps  on  a wing  of 
AR  “ 10,  A - 10*  ; the  figure  39  shows  that 
the  best  choice  for  STOL  performances  (2000- 
3000  ft)  is  the  four  over-the-wing-engines  A/C  ; 
if  longer  runway  ia  available  (3000-4000  ft) 
the  RTOL  fan-engines  A/C  with  conventional 
flaps  is  more  energy  efficient.  For  the  same 
3000  ft  field  length,  they  have  about  the  same 
direct  operating  cost  but  tha  fuel  consumption 
is  much  lower  for  the  OTW/STOL  concept. 
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on  the  aerodynamic  side  (figure  42  ) , a small 
increase  of  the  wing-tip  surface  and  droop- 
leading-edge installation  along  the  span  lead 
to  sensible  L/D  improvements  both  at  low  speed 
(which  reduce  the  noise)  and  at  cruise  condi- 
tions (M  - 0.93  and  M * 2)  ; furthermore,  some 
minor  change* in  leading-edges  and  radome  shape 
must  also  improve  the  supersonic  wave  drag;and 
structural  weight  savings  are  quite  easy 
thanks  to  the  introduction  of  composite  mate- 
rials (Kevlar,  Carbone)  ; 


A- 7)  TOWARDS  MORE  ECONOMICAL  SUPERSONIC 
TRANSPORT 


As  a result  of  over  a decade  of  intensive 
Anglo-French  effort  on  both  the  airframe  and 
the  powerplant,  the  Concorde  Supersonic  Trans- 
port has  convincingly  desmonstrated  its  abi- 
lity to  cross  the  Atlantic  (3200  nM)  at  Mach  2 
with  full  payload  (100  pax)  and  required  reser- 
ves ; such  achievement  has  proved  to  be  very 
difficult  and  expansive,  using  the  beat  techno- 
logy available  in  the  I960’  a L 6A  ,65  3. 


on  the  engine  side,  an  increase  of  the  mass 
flow  of  the  Olympus  permits  to  improve  the 
SFC  and  to  reduce  the  noiae  around  airports. 

In  those  conditions  a 12  1 fuel  savings  on  the 
Paris /New-York  mission  was  estimated. 


When  compared  with  the  "fuel  efficiency" 
of  existing  or  planned  subsonic  Transport  A/C, 
the  Concorde  value  appears  very  low,  as  shown 
on  figure  2 t but  it  must  be  remembered  that 
the  Paris  to  New-York  journey  is  now  comple- 
ted in  half  the  time  taken  by  his  subsonic  com- 
petitor. 
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Aa  for  the  subsonic  Transport  already  dis- 
cussed, the  future  improvements  in  the  SST  ef- 
ficiency depends  upon  the  same  technological 
advances  (figure  41  ) on  the  various  dis- 

ciplinea  : propulsion,  aerodynamics,  atuctures/ 
materials  and  systems  ; but,  another  vital  pro- 
blem will  be  the  noiae  level  reduction  around 
airports,  which  needs  further  progress  on 

both  the  engine  design  and  the  subsonic 
aerodynamic  efficiency  L/D  (during  take-off, 
climb,  approach)  ; finally  the  subsonic  L/D 
must  also  be  improved  to  reduce  the  fuel  con- 
sumption during  holding,  and  for  imposed  subso- 
nic cruise  above  populated  countries  to  avoid 
sonic  boom. 


k<rr/0RA6  OAT10 


Another  powerful  way  to  improve  the  subso- 
nic aerodynamic  efficiency  ia  the  installation 
of  a relaxed  stability  control  system  (A.C.T), 
which  is  particularly  rewarding  on  the  longitu- 
dinal mode  of  such  a tailless  A/C  ; thanks  to 
the  installation  of  a fully  redondant  fly-by- 


Aa  a first  step,  proposals  have  been  made 
by  airframe  [SNIAS,  66  1 and  engine  [Rolls- 
Royce,  65  3 manufacturers  for  an  improved  "B" 
version  of  Concorde  : 
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wire  system  with  thraa  digital  computers  on  the 
experimental  Concorde  n*  I,  Aeroapatiale  waa 
recently  able  to  fly  una table  in  a large  aubaonic 
domain  (figure  43  ) and  to  demonatrate  a U 2 

increaaa  of  the  trimmed  L/D  for  a 3 Z C.G  back- 
ward ahift  ; thia  improvement  can  be  crenelated 
in  a large  increaae  of  the  permiaeible  take-off 
groaa  weight  (about  14  Z)  and/or  an  important 
thruat  (and  noiae)  reduction  for  a future  SST 
configuration  [ 67  and  42]  ; in  fact,  all 

new  I'.S  2“  generation  SST  project  are  designed 
with  auch  relaxed  Stability  Control. 
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Fig.  43 


About  thia  second  generation  SST,  it  ia 
intereating  to  summarize  some  of  the  trends  al- 
ready published  : 

- on  the  aerodynamic  aide,  considerable  progress 
has  been  obtained  since  few  years  through  mo- 
re and  more  elaborate  aerodynamic  computer 
programs,  coupled  with  structural  analysis, 
which  permits  a complete  optimization  of  pro- 
jects taking  into  account  all  design  cons- 
traints ; a large  part  of  these  projects  are 
asked  by  NASA  to  the  major  V.S  manufacturers 
as  a part  of  the  Supersonic  Cruise  Aircraft 
Research  (SCAR)  program  [66]  ; their  predic- 
ted supersonic  aerodynamic  efficiencies  are 
illustrated  on  figure  44  , aa  a function  of 
the  cruise  Mach  numbers  chosen  by  the  various 
airframe  manufacturers  ; improvement  in  L/D 
to  a value  larger  than  9 (instead  of  7.3  for 
Concorde)  seems  technically  possible  in  ten  yeara 
or  ao  for  slender  shapes  with  a well  designed 
propulsive  nacelles  nnd  fuselage  integration. 


- variable  cycle  engine  (V.C.E),  a' magic "pro- 
pulsion system  which  performs  as  a straight 
turbo-jet  cycle  at  supersonic  cruise  regime 
as  a turbo-fan  cycle  during  subsonic  opera- 
tions ; such  attractive  concepts  need  years 
of  basic  and  applied  research  before  a possi- 
ble service  in  the  1990'a. 

- About  structural  weight,  new  structural  concepts 
and  manufacturing  methods,  extensive  use  of 
advanced  composite  materials  and  active  control 
systems  promise  significant  empty-weight  reduc- 
tion, up  to  about  10  Z. 

All  in  all, this  second  generation  SST  can 
perform  about  twice  the  6 Z payload  fraction  of 
a Concorde,  and  still  satisfy  some  future  FAR  36 
noise  regulations  ; such  new  SST,  a logic  follow- 
on  of  the  unique  Concorde  experience,  will  be  1 
used  on  long-range  routes  where  high  productivi- 
ty is  cost-effective  £€><3  }• 
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- for  the  size,  all  the  projects  have  a much 
larger  capacity,  around  280  passengers  instead 
of  100  for  Concorde, 


Fig.  44 


- and  finally  their  range  is  sufficient  for  a NEW  OPERATIONAL  PROCEDURES 

Trans-Pacific  service  (4000  nM  or  more)  ; 


- but  the  best  cruise  Kach  number  is  still  con- 
troversial - between  M - 2.2  (where  aluminium 
alloys  are  used  for  a large  part  of  the  struc- 
ture) and  M • 2.6  (where  mainly  titanium  alloys 
must  be  used) . 

- About  the  best  propulsion  system  for  such  pro- 
jects, the  airport  environmental  regulations 
will  impose  lower  jet  velocities  than  on  rehea- 
ted Concorde  nozzle  and  perhaps  the  use  of  ef- 
ficient noise  suppressors  ; several  solutiona 
are  proposed  : 

- a derivative  of  the  Concorde-Olympua  engine 
with  a fan  of  BPR  between  I and  1.7  [9,63  3 , 


B-l)  INTRODUCTION 


When  looking  for  ways  of  inproving  fuel 
efficiency,  we  must  consider  the  total  air  trans- 
port system,  and  we  shall  see  that, at  the  mo- 
ment, a large  part  of  the  wasted  fuel  is  due  to 
the  present  air  trafic  control  (ATC)  constraints, 
to  the  iaposition  to  follow  special  routes  (to 
avoid  noise  sensitive  area,  etc...),  and  mainly 
to  the  delays  arising  from  congestion  ; figure 
45  gives  their  typical  effects  on  block  fuel 
for  a 500  nM  stage  length  [10  1 : a penalty  of 
27  Z in  block  fuel  is  given  by  these  very  fre- 
quent constraints  (5  min.  hold  before  take-off, 
non  opt imm  cruise  altitude,  extra-distance  for 
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B-2)  FLIGHT  MANAGEMENT 

In  this  section,  we  ihall  examine  the 
various  options  to  save  energy  around  the  cruise 
regime  (optimusi  cruise  speed  and  altitude,  climb 
and  descent  optisdzation,  influence  of  the  fuel 
reserves  and  tankering,  en  route  navigation  and 
control,  etc...). 

The  most  significant  pay-off  in  flight  pro- 
file management  occurs  during  the  airplane 
cruise  ; for  a long-range  aircraft,  cruise  con- 
sumption resches  about  80-85  Z of  total  block- 
fuel  ; for  fuel  savings,  airplsnes  need  to  be 
operated  at  optimum  speed  and  altitude  : a de- 
crease in  cruise  speed  and/or  an  increase  in 
cruise  altitude  will  reduce  fuel  consumption,  as 
illustrated  on  figure  47.  a,for  the  Boeing  727 
case  C 2.  ] ; a reduction  in  speed  from  M ■ 0.82 

to  0.78  decreases  the  fuel  usage  by  3 Z on  a . 
standard  aission,and  flying  at  FL  350  (35000  ft) 
instaad  of  flight  level  310  reduces  the  fuel 
consumption  by  2.6  Z ; the  two  effects  are  appro- 
ximately  additive  ( - 5.6  Z fuel  consumption). 

For  an  Airbus  A-30O-B4,  on  the  same  1000  nM  sta- 
ge length  (block-fuel  : 13.9  tons),  the  economi- 
cal cruise  speed  is  M - 0.78  and  higher  speeds 
are  much  fuel  consuming  for  negligeable  time  sa- 
vings : 

[M  » 0.80,  A fuel  ■ ♦400  Kg,  £ t " -2min. 

M - 0. 82,  A fuel  -+1200  Kg,  At  —5  min. 

In  the  case  of  a Lockheed  1011,  on  a 2000  nM  rou- 
te, the  cruise  speed  reduced  from  M ■ 0.65  to 
0.82  leads  to  about  2.2  Z fuel  savings. 

In  fact,  almost  all  airlines  have  already 
instituted  these  procedures  since  several  years  ; 
but  safety  considerations  have  a bearing  on  how 
slowly  a jet  can  be  flown  at  high  cruise  alti- 
tude (because  increased  values,  near  the  trans- 
onic buffet  placsrd  ; and  because  incressed 
A.T.C  workload  with  mixed  fleet  at  different  crui- 
se speeds . ) 


Several  current  transport  A/C  of  the  70' s 
ware  designed  for  high  cruise  Mach  number  -about 
Mo  “ 0.87  - and  cruise  speed  reduction  up  to 
M » 0.80  (figure  47  - b)  is  very  beneficial  to 
the  energy  efficiency  (♦  10  Z)  for  a typical 
short-haul  A/C  [ 72  1 ; on  the  same  figure  is 
given  a new  advanced  1980's  project,  designed 
for  various  cruise  Mach  numbers  (with  adequate 
propulsion  and  aerodynamic  optimirations) , to 
illustrate  that  advanced  technology  allows  : 

- to  cruise  at  N • 0.95  with  the  same  fuel  con- 
sumption (but  it  is  no  more  attractive  since 
the  crisis), 

- or  to  cruise  at  the  same  Mq  - 0.80  with  about 
18  Z more  energy  efficiency, 

- or  even  to  optimise  the  A/C  at  Mo  - 0.70  with 
a much  larger  gain  on  fuel,  but  with  a poor 
productivity  due  to  low  block-speed. 

In  fact,  this  time  penalty  and  the  competi- 
tive disadvantage  of  low  cruise  speed  is  only 
significant  for  long-range  missions  : for  example, 

reducing  the  cruise  Mach  number  from  0.9  to  0.6 
induces  a significant  90  minutes  penslty  on  the 
block -time  of  a North  Atlantic  crossing,  but  s 
very  small  6 minutes  penalty  for  a short  2000  km 
journey. 

Concerning  the  optimum  flight  profile,  it 
must  be  remembered  that  most  of  the  fuel  (about 
90-95  Z)  is  burnt  during  the  climb  and  cruise 
portion  of  the  flight,  indicating  thst  it  is 
mandatory  to  maximize  aerodynamic  (L/D)  and  pro- 
pulsive (V/SFC)  efficiencies  ; a continuous 
cruise-climb  procedure  (sltitude  increasing  un- 
versely  proportional  to  the  decrease  of  A/C 
weight)  is  the  most  economicsl  one,  but  the  sbi- 
lity  to  fly  such  a cruise-climb  is  limited  by 
the  current  ATC:since  the  end  of  the  50's,  sepa- 
rations rules  lead  the  airplanes  to  fly  st  fi- 
xed flight  levels;above  the  altitude  of  29000ft 
(flight  level  FL  290), a 4000-foot  altitude  in- 
crement is  required  (ex  : FL  310  - 350... in  one 
direction  snd  FL  290  - 330  - 370  in  the  opposite 
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direction).  The  actual  traffic  ia  concentrated 
on  four  main  level*  between  FL  310  and  FL  370  ; 
their  utiliaation  reachea  32  Z of  the  total  traf- 
fic (8  Z each).  Theae  limitation*  lead  alao  to 
congestion  and  "en-routc"  delays  due  to  the  ap- 
plication of  horncntal  separations  rules. 

Future  advanced  Air-Traffic-Control  would 
allow  at  first  a reduced  vertical  separation 
(only  2000  foot  steps)  and  later  a continuous 
cruise-climb  procedure  : figure  47- c,  relative 
to  the  Lockheed  1011,  shows  that  auch  operatio- 
nal improvements  lead  to  fuel  savings  of  0.3  Z 
and  0.7  Z respectively  .C  26]  . 

OPTIMIZED  CLIMB  SPEED 

A reduction  of  the  climb  speed  induces 
significant  fuel  savings  ; for  example,  in  the 
case  of  a NASA/Boeing  study  (200  pax/3000  nM/ 

M “ 0.9/AR  " 9 project),  climb  speed  reduced 
from  375  to  300  Kts  gives  a 2 Z and  a 5.2  Z block 
fuel  savings  for  a stage -length  of  3000  nM  and 
1000  nM  respectively  ; it  is  concluded  that  this 
slower  climb  is  most  attractive  for  this  short 
stage  length  where  the  climb  lag  consumption  re- 
presents l/3rd  of  the  block-fuel.  In  the  case  of 
an  Airbus  A-300-B2  on  a 1000  nM  route, the  low 
speed  climb  procedure  (300  Kts)  instead  of  340 
Kts  saves  about  155  Kg  fuel  (1.1  Z) . 

PROFILE  DESCENT 

The  amount  of  fuel  used  during  the  descent 
from  cruise  altitude  to  the  ground  is  a low  per- 
centage of  the  block-fuel,  even  for  a short  ran- 
ge A/C  (about  5 Z B.F  for  a 1000  nM  mission,  and 
less  for  a long  range  mission)  ; however,  the 
intent  of  the  procedure  is  to  keep  Aircraft  at 
cruise  altitude  to  a point  where  they  can 
descend  to  the  final  approach  path  with  the  en- 
gines at  idle  ; we  shall  see  later,  in  the  Ter- 
minal Area  procedures,  that  quite  large  fuel 
savings  and  noise  reductions  are  possible  during 
the  final  approach. 

FUEL  RESERVES 


reduction  of  the  required  fuel  reserves,  as  ex- 
amplified  by  the  following  table,  taken  from  a 
NASA-T. A. C/Boeing  atudy  (200  pax/3000  nM/M  - 0.8): 


required 

potential  savings  with 

StAge 

reserves , 

50  Z reduction  on  required 

length 

Zblock-fuel 
(Z  B.F) 

reserves  : 

3000  nM 

25  Z B.F 

savings  : - 6 Z of  B.F 

1000  nM 

70  Z B.F 

- d*-  : - 7 Z of  B.F 

Note)  The  required  reserves  are  function  of  the 
mission  landing-weight  and  include  45  min.  at 
long  range  cruise  Z and  M,  a missed  approach, 
plus  a 200  nM  diversion,  (figure  48). 

In  the  case  of  an  Airbus  A-30O-B4  on  a 
1000  nM  stage  length,  the  usual  fuel  reserves 
are  estimated  at  5-6  tons,  which  cost  about  400- 
500  Kg  extra-fuel  to  carry  ; better  traffic  con- 
trol regulations  would  remove  for  example  1 ton 
of  these  required  reserves,  and  would  save  1 45 1 
fuel  per  Aircraf t/year  1 ! [ 51  ]. 

FUEL  TANKER INC 

On  the  other  hand,  if  extra-fuel  is  taken 
aboard,  for  example  50  Z more  than  the  required 
reserves,  there  is  a severe  + 6.5  Z block-fuel 
penalty  to  pay  ; finally  if  the  3000  nM  mission 
is  performed  with  2 intermediate  stops  (1000  nM) 
each),  with  no  refueling  at  each  stop  to  spend 
less  time  on  the  ground,  the  fuel  penalty  in- 
creases to  about  * 19  Z of  the  block-fuel. 

This  "TANKERING"  procedure  is  sometimes 
used  by  Aircraft  operators  because  of  differing 
prices  and  availability  of  fuel  at  various  air- 
ports ; tankering  is  unefficient  because  of  the 
fuel  burnt  to  carry  this  surplus  fuel  ; for  ex- 
ample 900  Kg  of  tankered  fuel  require  an  addi- 
tional 55  Kg  in  fuel  consumption  which  represents 
about  1 Z of  the  block-fuel  on  a 500  nH/B-727 
mission.  In  the  following  table,  are  listed  the 
impact  of  tankered  fuel  on  consumption  : 


Another  fuel  saving  potential  would  be  a 
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A/C  type 

B -727 

A 300 

B-747 

range , nM 

1000 

2000 

3000 

■xtra  fuel. 
Kg, for 
tankering 

1 T 

130 

200 

265 

X block* 
fuel 

1.5  I 

0.75  X 

0.50  X 

For  a long-range  A/C,  the  fuel  efficiency 
(seat*  x Kir. /Kg  fuel)  reaches  a maximum  and  then 
decreases  slightly  for  very  long  stage  lengths  ; 
this  explains  why  in  this  case,  a mid-point  stop 
for  refueling  is  advantageous  for  fuel  savings, 
but  not  for  the  Airline's  D.O.C  and  productivity, 
because  of  the  flight  time  increase  ; the  follo- 
wing table  gives  these  fuel  savings  as  a func- 
tion of  the  trip  length  with  a mid-point  stop 
instead  of  a non-stop  flight  Q fc  3* 


Total  trip  length,nM 

X fuel  saved  with 
mid-point  stop 

4000 

4.6  Z block  fuel 

5000 

8.3  Z block  fuel 

6000 

10.7  Z block  fuel 

LOAD  TO  AFT  CENTER  OF 

GRAVITY 

Aircraft  trim  drag  is  minimized  when  the 
A/C  C.G.  is  at  the  aft  limit, specif ied  "safe" 
for  aerodynamic  stability  on  a current  configu- 
ration ; we  have  seen  previously  (section  A-3- 
7)  that,  for  a civil  transport  A/C,  a 5 Z aft  C, 

G.  shift  leads  to  about  I Z fuel  saving  ; larger 
gains  are  estimated  on  military  cargo  and  bom- 
ber A/C. 

ARIA  NAVIGATION  (RNAV) 

Use  of  RNAV  permits  establishment  of  direct 
routes  between  preselected  points  rather  than 
having  to  fly  along  prescribed  airways  or  requi- 
ring radar  vectoring  by  controllers  to  achieve 
direct  routing.  [ 75] . 

In  a current  controlled  airspace,  the  Air- 
plane navigates  along  segmented  trajectories  ba- 
sed on  use  of  VOR/DME  system  ; above  each  VOR 
station  the  traffic  is  concentrated  up  to  a risk 
of  congestion, and  such  navigation  becomes  a pe- 
nalty : larger  route  lengths,  increased  flight 
time  and  fuel  consumption. 

On  the  contrary, with  the  RNAV  concept,  from  VOR / 
DME  stations  (or  other  groundbased  equipement) 
the  aircraft  receives  radio  signals  which  are 
treated  by  an  on-board  calculator  (integrated  in 
the  cockpit)  giving  its  position  in  2 dimensions, 
or  with  vertical  guidance  (3D-RNAV),  and  further- 
more with  time  for  scheduling  location  (4D-RNAV)  ; 
this  concept  will  be  progressively  introduced  in 
the  I980's,  at  first  in  the  U.S  airspace,  and 
then  in  Europe  ; the  predicted  gain  on  fuel  sa- 
vings will  be  isiportant  (up  to  10  X) 

OVERSEAS  FLIGHT 

Various  systems  have  been  developed  for  over- 
seas flight,  which  give  a much  bettar  precision 
to  follow  a prescribed  (shortest  and  quickast) 
route  without  ground  surveillance  : 


— , p mm 

- Inertial  Navigation  System  (INS) 

- OMEGA  radio-navigation  system  [ lU  ,75]  ; 

these  two  concepts  are  fully  operational  today  ; 

NAVSTAR  (NAVigation  System  with  Time  And  Ranging)/ 

C.P.S  (Clobal  Positioning  System)£7&,77/KJ , on 
the  contrary,  is  a new  sophisticated  concept 
using  24  satellites  in  non  stationary  orbits 
(12-hour  orbit)  to  achieve  global-high  accuracy 
position  finding  ; being  presently  developed 
for  U.S  military  A/C,  this  system  could  become 
the  basis  for  the  4£“  generation  ATC  (supposed  to 
be  fully  operstional  at  the  end  of  the  80' s)  ; 
it  requires  installation  of  new  - and  still  expen- 
sive - electronic  equipment. 

The  pay-offs  of  very  precise  navigation  sys- 
tems are  important  for  the  long-range  flight  eco- 
nomy (fuel  savings  on  direct  routes,  reduction 
of  the  prescribed  separation  between  airplanes, 
etc. . .) 

AIR  TRAFFIC  CONTROL  (ATC) 

The  current  system  needs  to  be  improved  : 
first,  primary  surveillance  radar  has  permitted 
A/C  location  to  reduce  separation  to  5 nM  for  "en 
route”  flight  and  3 nM  in  terminal  area  ; introdu- 
cing a secondary  surveillance  radar  (SSR)  has  gi- 
ven new  informations  to  the  controller  (A/C  identi- 
ty and  altitude)  ; but  due  to  the  increased  traffic 
density,  the  "garbling"  phenomena  (loss  of  informa- 
tion from  two  planes)  has  appeared.  New  systems 
for  Airpspace  surveillance  are  now  developed  in 
U.S. A (Discret  Address  Beacon  System  : DABS) , in 
U.K  (ADSEL  : ADdress  SELective)  and  in  France  (SRSSR: 

Stochastic  Response  Secondary  Surveillance 
Radar)  £74,  ,75j 

The  DABS  concept  (Discret  Address  Beacon  Sys- 
tem) will  provide  the  basis  for  the  Intermittent 
Positive  Control  function  through  a ground-to- 
air  data-link  for  rapid  transmission  of  control 
messages  ; such  system  will  permit  improved  sur- 
veillance of  future  close-spaced  air  navigation 
routes  in  dense  terminal  areas  and  parallel 
approaches . 

Fuel  savings  results  from  more  direct  rou- 
tings, thanks  to  increased  flexibility  of  the 
A.T.C[  d 3:  *nd  improved  safety  will  come  from 
its  collision-avoidance  function,  which  will  be 
a part  of  an  integrated  system  including  also 
the  three  main  functions  : surveillance,  naviga- 
tion and  conmunication. 


B-3)  TERMINAL  AREA  OPERATIONS 

The  traffic  density  in  terminal  areas  has 
decreased  a little  at  the  introduction  of  wide- 
body  jets,  but  now  increases  again,  up  to  a 
complete  "congestion"  during  peak  hours  traffic  ; 
then, important  fuel  penalties  occur  during  : 

- holding  on  the  ground  before  take-off, 

- holding  at  low  altitude  before  landing. 

The  airport  capacity  can  be  improved  by  a shor- 
ter runway  occupancy,  a reduction  of  the  sepa- 
ration between  two  aircraft,  and  various  new 
procedures  during  take-off  and  landing  ; figure 
49  sums  up  the  improvements  which  are  planned 
in  a future  high  capacity  terminal  L ?9]environ- 
ment . 
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FUTURE  hlOM  CAPACITY  TERtlinAL  AREA  OPERATIONS 


Fig.  49 


In  the  short-term  FAA  project,  landing  ca- 
pacity could  be  increased  by  reducing  IFR  spa- 
cing or  runway  occupancy-time  thanks  to  parallel 
runways,  rapid  deceleration  and  high-speed  turn- 
off. 

Later  on,  a large  pay-off  on  fuel  consumption 
due  to  a reduction  on  separation  intervals  bet- 
ween two  A/C  will  occur  by  using  wake  vortex 
detection  : a Wake  Vortex  Avoidance  System  (WVAS) 
may  provide  the  basis  for  increased  capacity 
and  improved  safety. 

The  arrival  to  the  final  approach  glide-path  will 
be  improved  by  use  of  new  systems  like  4D-RNAV 
and  data-link,  Microwave  Landing  System  (MLS) 
and  curved  approach  paths  for  noise  avoidance 
over  populated  areas,  cockpit  displays  interfaces 
to  permit  all-weather  operations,  and  the  use  of 
steep/delayed-f lap  approach  to  save  fuel  and  re- 
duce noise. 

HOLDING 

Certainly,  one  of  the  primary  causes  of 
fuel  wasting  it  holding  delays.  It  is  interes- 
ting to  give  the  level  of  those  delays  for  the 


U.S  civil  Air  Transport  in  1975 £ 2 _ 

| by  source  : 

hours  1 

Z 1 

- Ground  delay  (taxi-in  + taxi-out) 

251290 

49.7  1 

- Airborne  delay 

237090 

46.9 

- Cate  oclay 

(ATC  clea.-ance,  weather. 

snow. . .) 

16925 

3.4 

Total: 

505305 

100  Z 

Notice  that  delay  is  almost  equally  divided 
amongst  ground  and  air. 


Ground  delay  is  due  to  extended  ground  circuits 
and  traffic  congestion  which  obliges  Aircraft 
to  queue  in  line,  before  take-off.  An  improve- 
ment can  be  achieved  by  keeping  the  Aircraft  at 
the  gate  (engines  shut  down)  ; the  clearance  for 
taxiing  will  be  given  by  the  control  when  the 
ground  delay  is  minimum  (5  mn  (lor  example).  But 


these  procedures  are  difficult  to  apply  because 
of  the  airlines  gate  departures  schedule,  or  be- 
cause the  gate  is  attributed  to  another  Aircraft 
on  arrival. 

Airborne  Delay  : usually,  holds  were  performed 
following  special  patterns  called  "racetrack  pat- 
terns" at  low  altitude  (3000-7000  ft).  Fuel  pe- 
nalty is  important  and  amplified  by  maneuvers 
(4  Z consumption  increase).  Holds  performed  at 
15000  feet  in  a clean  configuration  rather  than 
at  5000  feet  with  extended  flaps  (2*-5*  to  re- 
duce the  Aircraft  speed)  can  save  approximatively 
4 X of  the  wasted  fuel.  When  terminal  delays  are 
expected  at  the  destination  airportjthe  linear 
hold  technique  can  be  used  with  the  control  au- 
thorisation. 

A new  procedure  : Fuel  Advisory  Departure 
(F.A.D)  has  been  studied  by  FAA  to  improve  the 
current  situation  and  would  provide  a more  ef- 
ficient distribution  of  delay  to  users  by  en- 
couraging ground  instead  of  airborne  delays 
(a  B-727  consumes  58  Kg  fuel/minute  in  cruise 
instead  of  about  25  Kg  on  the  ground,  and  much 
less  if  holding  at  the  gate)  ; such  redistribu- 
tion of  delay  can  be  handled  by  computer  techni- 
ques ; one  F.A.D  exercise,  made  by  F.A.A  VI  2 J 
in  1976  at  the  Chicago  O'Hare  - the  most  crowded 
airport  in  the  world  - hase  shown  an  encouraging 
saving  : 490000  Kg  fuel  in  a 6-hour  test  I On 
figure  50, (SO  ] expected  reduced  terminal  delays 
appear  as  a large  part  of  the  benefits  possible 
with  the  future  Air-Traffic-Control,  mainly  for 
short  range  Aircraft  (2.5  Z for  a DC-9-  ' , 

because  a large  part  of  the  flight  time  is  spent 
in  Terminal  areas  ; by  the  same  time,  less  "en 
route"  delay  will  be  necessary  (1.6  Z for  DC  9- 
30)  ; notice  also  that  shorter  delays  may  lead 
to  reduce  the  required  reserves,  i.e.  a "snow- 
ball effect"  on  fuel  savings. 
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WAKE-VORTEX  AVOIDANCE 

Separation  standards  between  aircraft  have 
increased  in  1970  to  4-5  nM  (in  USA)  for  landing 
(instead  of  3 nM)  and  up  to  6 nM  in  the  most  strin- 
gent case  (U.K,  1974  : when  a small  aircraft 
follows  a heavy  one) . 

This  increase  is  due  to  the  presence  of  strong 
wing-tip  vortices  generated  by  large  aircraft  , 
Xntervals  may  be  safely  reduced  by  using  a wake- 
vortex  detection  system  to  know  the  presence  and 
areas  of  vortices.  Such  a detection  system  can  be 
installed  before  the  runway  threshold  but  also  i 
on-board  the  aircraft  ; then  increased  landing 
capacity  would  also  be  obtained  by  a proper  A/C 
size  sequencing  ; finally,  flight  and  wind-tunnel 
research  are  in  progress  to  reduce  the  far-field 
vorticity  behind  large  A/C  by  an  appropriate 
distribution  of  flaps  and/or  spoilers  deflections 
along  the  wing  span  £ £>1  J . 

FINAL  APPROACH  PROCEDURES 

Usual  jet-transport  stabilized  landing  ap- 
proach is  performed  with  the  "classic"  ILS  (Ins- 
trument Landing  System),  with  a glide  capture  at 
approximately  15  Km  from  the  runway  threshold 
(figure  51-a)ja  conventional  descent  is  flown 
with  extended  flaps  and  gear-down  inducing  a lar- 
ge drag,  i.e.  quite  high  thrust  level  is  needed. 
Such  a configuration  is  fuel  consuming  and  noisy. 

In  the  last  few  years,  improved  procedures 
were  developed,  at  first  to  reduce  noise  around 
Airports  and  more  recently  to  save  energy.  Figure 
51  illustrates  the  compared  fuel  consumption  and 
noise  contours  results  from  a Boeing-NASA  study 
about  different  B-727-200  approaches  £.62.]; 

(tests  were  also  performed  at  NASA-ARC  with  a 
CV-990, 

A first  improvement  was  the  "reduced  flap" 
approach  (figure  51-b)  developed  and  instituted 
by  Air  Transport  Association  (ATA)  members  air- 
lines ; but  a major  gain-both  on  fuel  consump- 
tion and  on  noise  level-  can  be  obtained  with  a 
two-segment  approach  procedure:-  44  Z of  fuel  is 
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saved  upon  the  reference  ILS  approach  ; and  a 
reduction  is  obtained  on  the  npise  area  to  1/3 
the  size  of  that  generated  by  the  B-727  with  a 
current  "reduced  flap"  procedure. 

B 727  200  . APPROACH  PROCEDURES 

( f1At>A  / Ames  bocinq  study  ) 

(a)  REFtncnct  il5 
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The  glide  capture  is  operated  closer  to 
the  runway  threshold  than  for  the  other  proce- 
dures. The  two-segment  approach  proposition  has 
been  rejected  by  FAA  in  november  1976  (Federal 
Register  Docket  n*  15030  - amendement  91-134) 

The  most  economically  interesting  approach 
seems  to  be  the  decelerated  one,  or  delayed  flap 
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appnoach,  already  applied  by  varioua  Airlinea  in 
agreement  with  ATC  authorities  ; figure  5 1 • d 
illuatratea  thia  approach  which  begina  at  idle 
regime  and  clean  configuration  ; then  the  pilot 
deceleratea  progressively  by  sequencing  flap 
deflection  (5®— 15*- 30® > and  putting  gear-down 
at  prescribed  speedsjthe  delayed  approach  allows 
about  the  same  noise  relief  but  more  fuel  saving 
fit  25  *)than  two-segment  approach. 

Such  sequencing  is  a good  case  for  intro- 
duction of  a mini-computer  in  the  loop  to  opti- 
mise this  procedure  and  save  pilot  workload  : 
such  a Decelerated  Approach  System  (DAS)  is  al- 
ready flown  on  the  Airbus,  where  the  computer 
takes  care  of  the  autothrottle  and  gives  visual 

indications  to  the  pilot  for  successive  flap 
settings  and  gear-down  orders:  such  procedure, 
applied  on  the  A-30O-B2  gives  a 1 20  Kg  fuel  sa- 
vings when  compared  with  a conventional  1.3  Vs/ 
flap-down/gear-down  approach  from  2500  ft  to 
the  ground  (fuel  economy  represents  more  than 
1.5  X of  the  500  nM  stage  length  block-fuel.) 

TAKE-OFF  AND  CLIMB  PROCEDURES 

Take-off  portion  of  the  baseline  flight  pro- 
file (up  to  1500  ft)  is  too  short  to  estimate 
some  potential  fuel  savings  ; usually  take-off 
is  concerned  with  the  noise  abatement  procedures: 
thrust  settings  are  high  to  permit  the  A/C  to 
fly  over  populated  area  at  better  altitude  ; 
then  the  pilot  reduces  the  thrust  level  for  a 
while  : these  thrust  changes  are  not  fuel  effi- 
cient . 

Another  procedure  consists  in  making  a 
turn  as  soon  as  possible  to  fly  over  water  tex  : 
I.os  Angeles)  : Departure  trajectories  are  leng 
thened  and  more  fuel  consumed. 

If  noise  abatement  is  not  a limitation  fac- 
tor, then  take-off  with  reduced  flap  settings 
and  power  settings  may  save  some  fuel  (taking 
into  account  field  length  and  grosa  weight  li- 
mitations) . 

Current  A.T.C  restrict  climb  speed  to  250 
rts  below  10000  ft  altitude  ; if  suck  a limita- 
tion can  be  eliminated  in  terminal  control  areas, 
the  jet  airplanes  would  save  significant  fuel 
by  climbing  at  their  optimum  speed  which  gene- 
rally exceeds  250  Kta. 

LANDING 

During  the  landing  phase,  the  fuel  penalty 
occurs  when  a missed  approach  must  be  decided. 
Weather  conditions  are  usually  the  basis  of  such 
decision  and  a diversion  is  necessary  : more 
fuel  is  consumed  and  time  is  spent  to  reach  the 
diversion  airport  where  safe  landing  is  possible. 
It  is  for  safety  reasons  that  operational  minima 
(minimum  weather  conditions)  must  be  applied  ; 
large  energy  and  time  savings  have  resulted  from 
the  introduction  of  various  automatic  landing 
systems  'o  operate  under  category  III  conditions 
(on  Air-Inter  Airbus, the  decision  height  is  7.6 
m and  the  runway  visual  range  only  125  m.). 

TERMINAL  ’.TA  NAVIGATION  AND  GUIDANCE 

The  Impact  of  ARF/  NAVIGATION  will  be  im- 
portant in  terminal  area  because  of  significant 
reductions  on  holding  delays,  on  time  and  distance 
flown  and  on  pilot  workload. 

An  FAA  estimate  ] gives  a fuel  saving 


up  to  385  x I06  gallons  (1187  x 106  Kg)  for  the 
U.S  Air  carriers  in  198*. 

Another  advantage  of  RNAV  will  be  to  provide  ap- 
proaches to  non-instrumented  runways. 

The  MICROWAVE  LANDING  SYSTEM  (MLS),  still 
under  development,  is  based  on  a time-reference 
scanning  beam  technique  ; MLS  will  provide  a 
greater  degree  of  operational  flexibility  and 
precision  than  existing  ILS  for  approach  (and 
departure)  paths  of  civil  and  military  A/C  j MLS 
installation  will  be  possible  at  aites  not  now 
serviceable  with  II.S,  due  to  terrain  conditions  : 
furthermore,  MLS  will  make  poasible  steeper  ap- 
proach paths,  to  meet  V/STOL  requirements  tor ex- 
ample ’,  its  greater  precision  will  also  make  poa- 
sible curved  trajectories  and  then  close-apaced 
parallel  approaches,  i.e.  increased  capacity  (and 
fuel  savinga)  for  congested  Airports. 


GROUND  OPERATIONS 

To  improve  the  Airport  Surface  Traffic  Con- 
trol (ASTC) , new  ground  surveillance  radars  are 
being  developed  to  achieve  automatic  A/C  tracking 
and  ensure  safe  and  efficient  movement  on  the 
ground  even  with  poor  visibility  (reduced  delays, 
avoidance  of  collisions  between  A/C  and  other 
vehicules,  etc  ...). 

Another  important  aspect  of  ground  operations 
is  the  large  amount  of  fuel  consumed  (increasing 
Airport  pollution)  for  this  A/C  ground  traffic  ; 
several  improvements  are  possible  : taxi  on (ewer 
engines  and  powered  landing  gear. 

GROUND  OPERATIONS 
Taxi  on  fewer  engines 
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By  taxiing  to  - and  from  - the  gate  on  fewer 
engines,  const  de table  "Fuel  can  be  saved  : moat 
operators  have  already  adopted  this  practice, 
since  the  fuel  crisis,  on  their  three  and  four 
engine  A/C  | figure  52-a  shows  the  large  amount 
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of  fuel  saved  on  a B-747  when  one  or  two  of  its 
engines  are  inoperaCive  for  ground  maneuvers  : 
sbout  450  kg  fuel  saving  for  2 engines,  i.e.  30  Z 
economy  for  a typical  22  minutes  taxi-cycle-lan- 
ding/take-off significant  fuel  savings  are  also 
obtained  on  three-engines  (15  Z) . 

Alternative  far-term  taxiing  methods  are 
under  study  : powered  landing  gear,  cable  tow, 
articulated  tractors,  etc  ...  ; the  most  attrac- 
tive because  autonomous,  is  the  powered  landing 
gear  concept,  studied  by  various  manufacturers  ; 
figure  52- b gives  some  results  from  an  Aerospa- 
tiale  study  [5lJ  based  on  a medium-haul,  26  tons, 
twin-jet  (CFM  56)  project  : on  each  mean -gear  is 
installed  a hydraulic  motor  which  drive  the  wheels 
through  tire  friction-rollers  ; the  hydraulic 
power  is  supplied  by  the  Auxilary  Power  Unit 
(A.P.U.)  ; the  extra  weight  of  the  system  is 
about  240  kg  (equivalent  10  kg  fuel  penalty)  ; 
the  calculated  fuel  saving  is  impressive  ; about 
200  kg  (i.e.  4.6  Z block-fuel  on  a 500  nM  stage 
length)  ; the  design  ground  speed  : 25  km/h,  is 
a little  lower  than  usual  (current  mean  value  : 

35  km/h). 


B-4)  A/C  OPERATORS  MANAGEMENT 


tor  : in  fact,  this  load  factor  slowly  increases 
since  the  fuel  criais  but  is  still  very  low  ; 
about  55  Z for  the  U.S  Airlines  in  1976,  snd  mot 
so  different  for  other  countries. 

A better  adjustement  of  A/C  capacity  and 
frequency  to  each  market  is  the  evident  - but 
not  so  easy  - solution  to  increase  Airlines  load- 
factor. 

Even  a small  gain  on  this  index  can  save  t. 
large  amount  of  fuel, as  shown  by  the  following 
estimates  : taking  as  a basis  the  55.8  Z load- 
factor  obtained  by  the  U.S  domestic  Trurck  Airli 
nes  in  1976,  the  amount  of  fuel  saved  by  higher 
L.F  was  estimated  [56] 


Load  Factor 

Fuel  savings 

instead  of 
a current 

L.F  - 55. 8Z 
in  1976  for 

L.F  - 60Z 

- 479. I06  Gallons  * 
(1.480.000  tons) 

U.S  domestic 
Airlines 

L.F  - 70Z 

- 1387. 106  Gallons  « 
(4.278.000  tons) 

* Note  th.-.t  the  U.S  domestic  Air  carriers  have 
consumed  8233  x 10^  Gallons  in  1977^70  ]. 
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USE  OF  A/C  SIMULATORS 

Air  carriers  are  now  utilizing  more  and  mo- 
re simulators  for  flight  crews  training  and 
checking,  to  reduce  the  cost  of  actual  flight 
operations  and  save  fuel  (about  25000  gallons/ 
per  ya.tr/per  A/C  for  wide-body)  ; FAA  estimates 
that  177000  take-offs  and  landings  are  avoided 
annually,  enabling  U.S  Airlines  to  save  about 
170  million  gallons  ; the  French  Organization 
"Aero-formation" [54  ] , connected  with  Aerospa- 
tiale and  Airbus  Industrie  in  Toulouse,  has  de- 
veloped a very  successful  training  system  for 
Concorde  and  Airbus  crews  ; in  the  case  of  the 
A-300-B,15  flight  hours  for  a crew  formation  are 
normally  required,  but  only  3 flight  hours,  if 
crew  is  previously  trained  on  the  simulator  ; 
these  12  flight  hours  saved  correspond  to  about 
66  tons  fuel  saved/per  crew). 

BETTER  MAINTENANCE 

Engines  account  for  nearly  half  the  total 
A/C  maintenance  costs  ; investing  advanced  tech- 
nology to  improve  engine  reliability  and  maintai- 
nability has  also  a pay-off  on  fuel  consumption 
C 10  J.(aee  previous  lectures). 

On  the  airframe  side,  the  "ageing"  phenomena 
of  A/C  fleet  leads  to  a continuous  increase  of  the 
empty-weight  and  to  a progressive  deterioration 
of  the  airframe  skin  surface  ; of  course,  both 
trends  are  fuel  consuming  ; for  example,  Air  Fran- 
ce has  established  [85]  that  the  empty  wight  of 
most  A/C  of  its  fleet  has  increased  by  about  2 
tons  along  the  A/C  life  : each  suppleiaentary  ton 
increases  the  hourly  fuel  consumption  by  about 
33  kg  on  a B-747  and  by  150  kg  on  a Concorde  1 


On  the  other  hand,  we  have  seen  (sect1  n A-l- 
2)  how  large  is  the  pay-off  of  periodic  "clean-up” 
operations  to  reduce  eirframe  parasitic  dreg  - and 
fuel  waste. 

BETTER  LOAD  FACTOR 

In  the  previous  sections,  we  have  always 
quantified  fuel  sevings  with  an  "ideal”  index  : 
seat/Km/Kg  fuel  which  supposes  a 100  Z load  fac- 


To conclude,  a v 14  Z increase  of  the  mean 
load  factor  represents  a much  larger  energy 
saving  (-v-17  Z)  than  the  best  technological 
improvement . 

It  is  a very  frustrating  conclusion  for  a 
technician  ...  except  when  a Concorde,  with  a 
100  Z load  factor,  appears  more  fuel  efficient 
than  an  old  B-707  A with  a load  factor  less  than 
47  Z on  a Paris-to-New-York  trip  [85], 

B-5)  EFFECTS  OF  ENVIRONMENTAL  NOISE  CONSTRAINTS 

ON  A/C  CONCEPT  AND  FUEL  ECONOMY 

In  most  countries,  Regulatory  Agencies  have 
agreed  on  Air  Traffic  and  Airspace  management 
operational  procedures  to  control  noise  at  - and 
around  - airports.  Some  of  these  procedures  are 
fuel  consuming,  for  instance  when  they  oblige 
to  increase  flight  distance  - and  time  - to 

avoid  residential  neighbourhoods  during  take-off 
and  landing. 

Some  other  procedures,  like  climb  over  re- 
sidential areas  with  reduced  power,  or  optimum 
descent  and  approach  trajectories  with  low  drag/ 
clean  A/C  configuration  - i.e.  low  thrust  -,  not 
only  abate  noise  but  conserve  fuel. 

In  the  first  case,  some  too  severe  A.T.C 
noise  abatement  may  produce  a large  fuel  was- 
ting (in  the  case  of  Seattle  Airport,  in  U.f, 
such  FAA  rules  resulted  in  an  estimated  additio- 
nal 2.2  million  gallonr.  (6800  tons)  of  fuel  year- 
ly, t 8b],  and  increased  the  average  flight  ti- 
me by  5 to  4 minutes  for  each  Aircraft) 

With  regard  to  the  noise  regulations,  an 
agreement  was  reached  in  1 9^9  between  the  coun- 
tries of  the  International  Civil  Aviation  Orga- 
nisation (I.C.A.O.)  : this  agreement  recomands 
precised  noise  level  limits  (measured  in  Effec- 
tive Perceived  Noise  Level  in  decibels,  EPNdB) 
st  three  locations  near  the  runway  : take-off, 
side  line  and  approach. 

These  levels  were  a function  of  the  A/C 
take-off  gross-weight  only  . but  a new  proposal 
for  an  "annexe  16”  amendement  (to  be  applicable 


from  August  1978  if  agreed)  ask  for  a little 
lower  noise  levels,  now  a function  of  A/C  gross- 
weight  and  also  of  the  number  of  engines  ; figu- 
re 53-b  illustrates,  in  the  take-off  case,  the 
evolution  of  these  noise  limits  with  years  ; the 
results  of  the  noise  measurements  for  most  of 
current  subsonic  transport  show  a continuous 
noise  level  decrease,  at  first  with  the  introduc- 
tion of  low  BPR  and  then  large  BPR  engines. 


a Energy  implication  of  noise  reduction 
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v b More  btrinqenf  noise  regulotions 


With  the  development  of  the  third  genera- 
tion high  by-pass  ratio  engines,  fuel  economy 
was  obtained  in  addition  to  a much  quieter  en- 
vironment (see  the  A- 300  B on  figure  53-b)  i 
compared  with  older  jets  vhich  are  still  in  ser- 
vice (turbo-jets  and  low  by-pass  ratio  enginea); 
for  these  later  Aircraft  categories,  some  a- 
coustic  treatrmnti of  the  engine  nacelle  walls 
have  been  necessary  to  cope  with  the  firat  pha- 
se of  noise  regulations  ; such  treatment  have 
a small  weight  penalty. 

More  stringent  rules  will  probably  be  inv 
troduced  into  aervice  in  the  mid- 1980’ a,  to  so- 
me 10  EPNdB  below  the  existing  one's  ; achieve- 
ment of  auch  goal  will  be  much  more  costly  with 
our  current  technology  : figure  53-a  illuatia- 
tes  the  corresponding  increase  in  block- fuel 
for  a typical  advanced  wide-body  transport  [67J: 

A Z increase  in  fuel  for  a noise  abatement  of 
about  II  EPNdB  I This  penalty  originates  from 
the  extra-weight  and  from  the  parasitic  losses 
due  to  acoustic  materials  (applied  to  walls, 
and  on  apecial  rings  and  splitters  inside  inlet 
and  exhaust). 

However,  new  technologies  may  solve  this 
noise  penalty  in  two  different  ways  : 


posite  materials  to  design  the  nacelle,  in 
loth  acoustic  and  ron  acoustic  regions,  with 
no  more  economic  or  fuel  penalty  [87,1b}. 


- propulsive  nacelle  located  above  the  win,  to 
take  advantage  of  the  shielding  effect  of  the 
wing  to  reduce  the  fly-over  noise  ; we  have 
seen  previously  that  such  a concept  has  also 
potential  pay-offs  for  drag  reduction  and  for 
high  lift  generation  (section  A-A-l). 

Is  it  reasonable  to  puah  farther  the  noise 
abatement  limits  7 

It  seems  not , because  we  shall  reach  such  a low 
noise  level  from  the  engines  that  the  aerodynamic 
noise  ber.ins  to  intrude  ; fly-over  acoustic  r.ea 
surements  have  been  made  in  flight  during  approach 
of  several  wide-body  type  A/C,  showing  that  the 
aerodynamic  noise  generated  by  flaps  and  gcars- 
down  have  about  the  same  level  than  an  hypothetic 
(FAP  36  - 10  EPN'ifl)  regulation  1 And  it  seems 
very  difficult  o avoid  this  aerodynamic  noise... 

To  conclude  with  the  impact  of  noise  abate- 
ment regulations  on  A/C  fner*>v  conserve! i on,  it  ap- 
pears that  very  large  noise  reductions  have  been 
obtained  with  the  current  wide-body  A/C  equipped 
with  high  by-pass  ratio  engines, accompanied  by  c 
much  better  < nergy  efficiency  ; it  will  be  again 
improved  on  the  next  generation  of  transports 
using  CFM-56/JT-IOD  engines  to  replace  the  first 
generation  turbo-jet  A/C. 

Before  imposing  more  stringent  noise  regulations, 
it  seems  wise  to  evaluate  trade-offs  between 
noise  abatement  and  fuel  conservation/Aviat ion 
economy  objectives. 
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Drag  Reduction. 

ACMRD  Special  Course  on  Concepts  for 
Drag  Reduction. 

AGARD. R. 654,  (June  1977) 

[18]  - BOWER,  R.E. 

Opportunities  for  Aerodynamic  Drag 
Reduction,  NASA  SP  372,  (October  1974) 

[l9  ] - PFENNINGER,  W. 

Laminar  Flow  Control. 

AGARD. R. 654,  (June  1977) 

[20]  - BUSHNELL,  D.M.  and  HEFNER,  J.N. 

Effect  of  Compliant  Wall  Motion  on 
Turbulent  Boundary  Layers. 

AGARD. R. 654,  (June  1977) 

[ 21  ] - CARY,  A.M.  et  al. 

Slot  Injection  for  Skin-Friction  Drag 
Reduction. 

AGARD. R. 654,  (June  1977) 

[ 22  1 - PATERSON,  J.H.  et  al. 

A Survey  of  Drag  Prediction  Techniques 
Applicable  to  Subsonic  and  Transonic 
A/C  Design. 

Con'srence  on  Aerodynamic  Drag,  AGARD 
CP  124,  (April  1973) 

[23  ] - KLEPINGER,  R.H.  and  WEISSMAN,  R. 

Potential  Pay-off  of  New  Aerodynamic 
Prediction  Methods. 

AGARD  CP- 147,  Vol.  1,  (June  1974) 

[ 24  ] - WHITCCMB,  R.T. 

Methods  for  Reducing  Subsonic  Drag  Due 
to  Lift. 

AGARD. R. 654,  (June  1977) 
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[23  ] - HANKS,  G.U.  and  HEATH,  A . R . 

Fuel  Conservation  Possibilities  for 
Terminal  Area  Compatible  Tranaport 
A/C  (Boeing  Cy) 

AlAA  Paper  n”  75-1036,  (Auguat  1975) 

(see  also  NASA  CR-132  608,  (Hay  1975) 

[26  ] - HOPKINS,  J.P.  and  WHARTON,  H.E. 

Study  of  the  C >st /Benef It  Trade  Offs 
for  Reducing  the  Energy  Consumption  of 
the  Commercial  Air  Transportation 
System  (Lockheed) 

NASA  CR  137  926,  (March  1976) 

[27  ] - Anon. 

Presenting  the  Gulfstream  III. 

Bull.  Grumman  ; Gulfstreamer  n”  6, 
(Winter  1976) 

[28  ] - HEYSON,  H . H . , RIEBE,  G.D.  and  FULTON  CL. 
Theoretical  Parametric  Study  of  the 
Relative  Advantages  of  Wlnglets  and 
Wing-Tip  Extensions. 

NASA,  TMX  74  003,  (January  1977) 

[29]  - ISHIMITSU,  K.K.  at  al. 

Design  and  Analysis  of  Wlnglets  for 
Military  Aircraft  (Boeing). 

AF-FDL,  TR-76-6,  (February  197M 

[ 30  ] - Anon. 

Cost/Benefit  Trade  Offs  for  Reducing 
the  Energy  Consumption  of  the  Commercial 
Air  Transportation  System  (Douglas). 

NASA-CR- 137  923,  (June  1976) 

[31  ] - HAINES,  A.B. 

Aerodynamics . 

R.Ae.S.  1,’76  Convention  on  "Seeds  for 
Success  in  Civil  A/C  Design  in  the 
next  TVo  Decades" 

R.Ae.S.  Aeronautical  Journal,  (July 
1976) 

[32  1 - OBERT,  E. 

The  Supercritical  Airfoil  - An  Evolu- 
tion or  a Revolution  * 

DCLR  Symposium  on  Transonic  Configura- 
tions, Bad  Harzburg,  (June  1978) 

[ 33  ] - WHITCOMB,  R.T. 

Review  of  NASA  Supercritical  Airfoils. 
9th  ICAS,  Hatfa/Isra'dl,  (August  1974) 
ICAS  Preprint  n*  74-10 

[ 34  ] - MORISSET,  J. 

Les  rdsultats  de  1’ operation  "PEGASE" 
aur  le  T-33  A profit  supercritique 
dpals  de  la  SNIAS. 

Air  et  Cosmos  n*727  (July  1978) 

[ 35  ] - SLOOFF,  J.W.  and  VOOCT,  N. 

Aerodynamic  Design  of  Thick  Supercri- 
tical Wings  Through  the  Concept  of 
Equivalent  Subsonic  Pressure  Distri- 
bution (NLR,  MP  78011  U) 
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Configurations",  Bad  Harzburg,  GE. 

(June  1978) 
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in  the  Next  Two  Lecades",  (May  1976) 

[37  ] - NACEL,  A.L.,  ALFORD,  W.J.  and  DUGAN,  J.F 
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Terminal  Area  Compatible  Transport  A/C 
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. NASA  CR-132  608,  (May  1975) 
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New  Directions  in  Civil  Avionics  (NASA). 
AlAA,  Astronautics  and  Aeronautics, 

(March  1978). 
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Status  and  Trends  in  Active  Control 
Technology  (NASA/Dryden) . 
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[43  ] - RYLE,  D.M.  et  al. 

Upper-Surface  Blowing  Aerodynamic  and 
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Georgia) . 
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llniversity- 
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[ 46  ] - HOLBROOK,  G.E.  and  ROSEN,  C. 

Evolution  of  the  Turboprop  for  High 
Speed  Air  Tranaportat  ion. 

ASME  Paper  n*  78-GT-201,  (April  1978). 
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[47  ] - DUGAN,  J.F.,  BENCZE,  D.P.  and  [59] 

WILLIAMS,  L.J. 

Advanced  Turboprop  Technology  Develop- 
ment . 

AIAA  Paper  n"  77-1223,  (Auguat  1977) 

[48  ] - Anon.  [60] 

Energy  Consumption  Characteristics  of 
Transports  Using  Prop-Fan  Concept 
(Boeing) . 

NASA  CR-137  937,  (October  1976) 

[49  ] - FOSS,  R.L.  and  HOPKINS,  J.P.  [61 ] 

Fuel  Conservative  Potential  for  the 
Use  of  Turbo-prop  Poverplants  (Lockheed) 
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[50  ] - STERN,  J.A. 

Aircraft  Propulsion,  a Key  to  Fuel  [62] 
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View. 

SAE  Preprint  n"  760-538,  (May  1976) 


- KEYS,  Ch.  N.  and  WIESNER,  R. 

Guidelines  for  Reducing  Helicopter 
Parasite  Drag. 

J.  of  the  Am.  Hellco.  Soc . , (January 
1975) 

- WIESNER,  W.  and  SNYDER,  W.J. 

Efficient  Civil  Helicopters  : the  Pay- 
Off  of  Directed  Research. 

J.  of  the  Am.  Helico.  Soc.,  (January 
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- STEPNIEWSKI,  W.Z. 
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[51]  - LECOMTE,  P. 
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AAAF,  13dme  Congrds  International 
Adronautique,  Paris  (June  1977), 
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1977-4 

[52]  - VERGINIA,  F.J.,  BARBER,  E.A.  and 

RETT IE,  I.H. 

Parametric  Design  and  Analysis  of  Large 
Advanced  Military  Transports  (Boeing). 
AIAA  Paper  n"  76-924,  (September  1976) 

[53]  - ARDEMA,  M.D.,  HARPER,  M. , WATERS,  M.H. 

and  WILLIAMS,  L.J. 

Conceptual  Design  of  Reduced  Energy 
Transports  (NASA/RET  Study). 

AIAA,  J.  of  Aircraft,  (August  1976). 

[ 54  ] - KAITEN,  G.G. 

A View  of  the  Future  ; Constraints  and 
Opportunities . 

R.Ae.S,  Anglo-American  Conf.  London, 
(June  1977). 

[ 55  ] - Anon. 

Technical  and  Economic  Assessment  of 
Span-Loaded  Cargo  A/C  Concepts 
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NASA-CR- 144  962,  (January  1976) 

l 56  ] - LANGE,  R.H. 

Design  Concepts  for  Future  Cargo  A/C 
(Lockheed  Georgia) 

AIAA  Paper  75-306  (February  1975) 
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[63]  - SWEET,  H.S.,  RENSHAW,  J.H.  and  BOWDEN,  M.K. 

Evaluation  of  Advanced  Lift  Concepts  and 
Potential  Fuel  Conservation  for  Short- 
Haul  A/C. 

NASA-CR-2502 , (February  1975) 

[64]  - POISSON-QU INTON,  Ph. 

First  Generation  Supersonic  Transports. 

. Proc.  Princeton  University  Conf.  on 
the  Future  of  Aeronautical  Transpor- 
tation, (Nov.  1975)  ; 

. ONERA  TP  n°  1976-113 

[65]  - CALDER,  P.H.  and  GUPTA,  P.C. 
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[66  ] - CORMERY,  G. 
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Etude  expdrimenta le  sur  simulateur  et 
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FERRI,  A. 

Possibilities  and  Goals  for  the  Future 
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(December  1975). 
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CATEGORY  1 - ENERGY  CONSERVATION  IN  AIRCRAFT  PROPULSION 


SAWE  Paper  1 1 24  76/05/00  77A12192 

AIR  TRANSPORTATION  ENERGY  EFFICIENCY  ALTERNATIVES  AND  IMPLICATIONS 
Williams,  L.J. 

(NASA,  Ames  Research  Center,  Moffett  Field,  Calif.) 

National  Aeronautics  and  Space  Administration.  Ames  Research  Annual  Conference,  35th,  Philadelphia.  Pa., 

May  24-26,  1976,  25  p. 

Results  from  recent  studies  of  air  transportation  energy  efficiency  alternatives  are  discussed,  along  with  some  of  the 
implications  of  these  alternatives.  The  fuel-saving  alternatives  considered  include  aircraft  operation,  aircraft  modification, 
derivative  aircraft,  and  new  aircraft.  In  the  near-term,  energy  efficiency  improvements  should  be  possible  through  small 
improvements  in  fuel-saving  flight  procedures,  higher  density  seating,  and  higher  load  factors.  Additional  small  near-term 
improvements  could  be  obtained  through  aircraft  modifications,  such  as  the  relatively  inexpensive  drag  reduction  modifi- 
cations. Derivatives  of  existing  aircraft  could  meet  the  requirements  for  new  aircraft  and  provide  energy  improvements 
until  advanced  technology  is  available  to  justify  the  cost  of  a completely  new  design.  In  order  to  obtain  significant 
improvements  in  energy  efficiency,  new  aircraft  must  truly  exploit  advanced  technology  in  such  areas  as  aerodynamics, 
composite  structures,  active  controls,  and  advanced  propulsion.  ABA  V.P. 

SAE  Paper  760538  76/05/00  76A36606 

AIRCRAFT  PROPULSION  A KEY  TO  FUEL  CONSERVATION:  AN  AIRCRAFT  MANUFACTURER’S  VIEW 
Stern,  J.A. 

(Douglas  Aircraft  Co.,  Long  Beach,  Calif.) 

Society  of  Automotive  Engineers,  Air  Transportation  Meeting,  New  York,  N.Y..  May  18  20,  1976,  18  p. 

A range  of  possible  approaches  to  fuel  conservation  is  examined.  The  fuel  contribution  to  direct  operating  costs,  aircraft 
operations  and  maneuvers  designed  to  conserve  fuel,  aircraft  design  variants,  modifications,  and  refittings  capable  of 
aiding  fuel  conservation  are  discussed.  Advantages  of  turbofan  and  turboprop  derivatives  of  basic  aircraft  designs  are 
examined.  The  RECAT  (Reducing  Energy  Consumption  of  Commercial  Air  Transportation)  program  is  outlined.  The 
possible  impact  of  recent  technological  advances  in  aircraft  design  (supercritical  airfoils,  optimized  wing  geometry, 
longitudinal  stability  augmentation,  composites,  new  metallic  structures)  on  fuel  conservation  is  examined.  ABA  R.D.V. 

SAE  Paper  760537  76/05/00  76A36605 

FUEL  CONSERVATIVE  POTENTIAL  FOR  THE  USE  OF  TURBOPROP  POWERPLANTS 
Foss,  R.L.;  Hopkins.  J.P. 

(Lockheed-California  Co.,  Burbank,  Calif.) 

Society  of  Automotive  Engineers,  Air  Transportation  Meeting,  New  York,  N.Y.,  May  18  20,  1976.  15  p. 

The  turboprop  propulsion  system  may  offer  the  air  transportation  industry  one  of  the  most  significant  means  of  achieving 
reduced  operating  costs  through  large  reductions  in  fuel  consumption.  The  prop-fan  high  speed  propeller  concept  allows 
the  superior  propulsive  efficiency  exhibited  by  the  turboprop  to  be  extended  to  cruise  speeds  compatible  with  current 
turbofan  aircraft.  Comparison  of  a prop-fan  and  a turbofan  powered  aircraft,  each  designed  on  an  equal  technology, 
equal  mission  and  equal  comfort  basis  is  used  to  illustrate  the  prop-fan  benefits.  Accountability  for  the  differences  in  the 
installation  requirements  of  each  propulsion  system  is  included.  The  significant  fuel  and  cost  improvements  shown  for 
the  prop-fan  aircraft  call  for  an  extensive  research  program  to  verify  the  performance  of  this  propulsion  concept  and  to 
provide  a data  base  that  will  allow  incorporation  in  future  aircraft.  ABA  author. 

SAE  Paper  760535  76/05/00  76A36603 

FUEL  CONSERVATIVE  PROPULSION  CONCEPTS  FOR  FUTURE  AIR  TRANSPORTS 
Gray,  D.E.;  Witherspoon,  J.W. 

(United  Technologies  Corp.,  Pratt  and  Whitney  Aircraft  Div.,  East  Hartford,  Conr .) 

United  Technologies  Corp.,  East  Hartford,  Conn.  Society  of  Automotive  Engineers,  Air  Transportation  Meeting,  New 
York,  N.Y.,  May  18  20,  1976,  1 1 p.  NASA-sponsored  research. 

The  results  of  a feasibility  study  of  proposed  fuel  conservative  propulsion  concepts  for  air  transports  with  an  assumed 
Mach  0.8  cruise  capability  are  summarized.  All  engines  considered  are  based  on  projected  1985  technology.  Operating 
fuel  requirements,  propulsion  operating  costs,  and  noise  characteristics  are  compared  with  those  of  a present  technology 
turbofan  engine.  The  study  indicates  that  an  advanced  Brayton  cycle  gas  generator  in  a turbofan  engine  or  geared  to  an 
advanced  multibladed,  small  diameter  propeller  with  a projected  efficiency  of  8(T7  at  Mach  0.8  offers  the  greatest 
potential  for  energy  conservation.  ABA  C.K.D. 

74/00/00  74 A3  8898 

AIRCRAFT  FUEL  CONSERVATION  AN  AIAA  VIEW;  PROCEEDINGS  OF  A WORKSHOP  CONFERENCE. 
RESTON,  VA.,  MARCH  13  15.  1974 
Grey,  J. 

New  York,  American  Institute  of  Aeronautics  and  Astronautics.  Inc.,  1974.  43  p. 

Technical  aspects  of  aircraft  fuel  conservation  are  reviewed  and  discussed,  and  measures  to  be  taken  having  the 
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best  prospects  for  short-term  and  long-term  impact  are  recommended.  Fuel  conservation  is  discussed  from  the  viewpoint 
of  aircraft  operations,  design,  propulsion  systems,  and  fuels.  Some  of  the  principal  measures  identified  included 
increasing  load  factors,  achieved  by  revised  rerouting  and  scheduling  and  routing  patterns,  matching  aircraft  size  to 
demand,  and  better  matching  of  total  service  to  the  market:  research  on  advanced  onboard  avionics  which  will  give  the 
pilot  sufficient  information  for  him  to  make  real-time  selection  of  fuel-optimum  flight  profiles  and  airspeeds:  drag  reduc- 
tion by  the  use  of  a properly  designed  small  vertical  'winglef  located  just  inboard  of  each  wingtip:  the  implementation  of 
supercritical  aerodynamic  wing  designs:  increase  in  frequency  and  tightening  the  standards  of  regular  engine  maintenance 
procedures:  and  modification  of  hydrocarbon  fuels  currently  used  by  relaxation  of  freeze  point  and  flash  point  specifica- 
tions and  by  use  of  wider  fractions  and  more  aromatics.  ABA  P.T.H. 

NASA-CP-2033  E-9457  78/00/00  78NI9325 

JET  AIRCRAFT  HYDROCARBON  FUELS  TECHNOLOGY 

Longwell,  J.P. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio.  Workshop  held  at  Cleveland, 
Ohio,  7-9  June  1977. 

A broad  specification,  referee  fuel  was  proposed  for  research  and  development.  This  fuel  has  a lower,  closely  specified 
hydrogen  content  and  higher  final  boiling  point  and  freezing  point  than  ASTM  jet  A.  The  workshop  recommended 
various  priority  items  for  fuel  research  and  development.  Key  items  include  prediction  of  tradeoffs  among  fuel  refining, 
distribution,  and  aircraft  operating  costs:  combustor  liner  temperature  and  emissions  studies:  and  practical  simulator 
investigations  of  the  effect  of  high  freezing  point  and  low  thermal  stability  fuels  on  aircraft  fuel  systems.  ABA  author. 

NASA-TM-73884  77/00/00  78NI7060 

GENERAL  AVIATION  ENERGY-CONSERVATION  RESEARCH  PROGRAMS  AT  NASA-LEW1S  RESEARCH 

CENTER 

Willis,  E.A. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio.  Presented  at  the  Conf.  on 
Energy  Conserv.  in  Gen.  Aviation,  Kalamazoo,  Mich.,  10  1 1 Oct.  1977;  sponsored  by  Western  Michigan  Univ. 

The  major  thrust  of  NASA’s  nonturbine  general  aviation  engine  programs  is  directed  toward  (1)  reduced  specific  fuel 
consumption,  (2)  improved  fuel  tolerance;  and  (3)  emission  reduction.  Current  and  planned  future  programs  in  such 
areas  as  lean  operation,  improved  fuel  management,  advanced  cooling  techniques  and  advanced  engine  concepts,  are 
described.  These  are  expected  to  lay  the  technology  base,  by  the  mid  to  latter  1980’s,  for  engines  whose  total  fuel  costs 
are  as  much  as  30%  lower  than  today’s  conventional  engines.  ABA  author. 

77/10/00  78NJ1074 

ALTERNATIVE  FUELS 

Grobman,  J.S.;  Butze,  H.F.;  Friedman,  R.;  Antoine,  A.C;  Reynolds,  T.W. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio.  In  its  Aircraft  Eng.  Emissions 
p.277-308  (see  N78-1 1063  02-07) 

Potential  problems  related  to  the  use  of  alternative  aviation  turbine  fuels  are  discussed  and  both  ongoing  and  required 
research  into  these  fuels  is  described.  This  discussion  is  limited  to  aviation  turbine  fuels  composed  of  liquid  hydrocarbons. 
The  advantages  and  disadvantages  of  the  various  solutions  to  the  problems  are  summarized.  The  first  solution  is  to 
continue  to  develop  the  necessary  technology  at  the  refinery  to  produce  specification  jet  fuels  regardless  of  the  crude 
source.  The  second  solution  is  to  minimize  energy  consumption  at  the  refinery  and  keep  fuel  costs  down  by  relaxing 
specifications.  ABA  author. 
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AD-A039597  R-1829-PR  76/12/00  77N30261 

THE  POTENTIAL  ROLE  OF  TECHNOLGICAL  MODIFICATIONS  AND  ALTERNATIVE  FUELS  IN  ALLEVIATING 
AIR  FORCE  ENERGY  PROBLEMS 

Gebman.J.R.;  Stanley,  W.L.;  Weyant,  J.P.;  Mikolowsky,  W.T. 

Rand  Corp.,  Santa  Monica,  Calif. 

This  Report  examines  short-  and  long-term  measures  to  reduce  the  consumption  of  petroleum  jet  fuels  by  the  air  force. 
Engine  retrofits  and  aerodynamic  modifications  to  existing  aircraft  can  save  significant  quantities  of  jet  fuel;  however, 
savings  in  fuel  expenditures  are  not  enough  to  offset  high  initial  costs  of  engine  retrofits.  If  accomplished  early  in  an 
aircraft’s  life  cycle,  relatively  lower  costs  of  modest  aerodynamic  modifications  may  be  recoverable  through  savings  in 
fuel  expenditures.  Synthetic  JP  fuels  derived  from  oil  shale  or  coal  appear  to  be  the  most  attractive  future  alternatives 
to  petroleum  jet  fuels.  If  the  foreign  oil  Cartel  maintains  its  price-setting  effectiveness  and  synthetic  fuels  industry 
develops  in  the  United  States,  development  of  an  air  force  capability  to  interchangeable  use  fuels  derived  from  crude  oil, 
oil  shale,  or  coal  could  be  economically  attractive  and  enhance  the  air  force’s  position  in  the  jet  fuel  marketplace.  ABA 
author  (GRA). 


NASA-GR-135136  R76AEG597  76/12/00  77N15043 

STUDY  OF  UNCONVfcNTIONAL  AIRCRAFT  FNGINFS  DESIGNED  FOR  LOW  ENERGY  CONSUMPTION 
Neitzel,  R.E.,  Hirschkron,  R..  Johnston,  R.P. 

General  Electric  Co.,  Cincinnati,  Ohio. 

(Aircraft  Engine  Group.) 

A study  of  unconventional  engine  cycle  concepts,  which  may  offer  significantly  lower  energy  consumption  than  conven- 
tional subsonic  transport  turbofans,  is  described  herein.  A number  of  unconventional  engine  concepts  were  identified 
and  parametrically  studied  to  determine  their  relative  fuel-saving  potential.  Based  on  results  from  these  studies,  regenera- 
tive, geared,  and  variable-boost  turbofans,  and  combinations  thereof,  were  selected  along  with  advanced  turboprop  cycles 
tor  further  evaluation  and  refinement.  Preliminary  aerodynamic  and  mechanical  designs  of  these  unconventional  engine 
configurations  were  conducted  and  mission  performance  was  compared  to  a conventional,  direct-drive  turbofan  reference 
engine.  Consideration  is  given  to  the  unconventional  concepts,  and  their  state  of  readiness  for  application.  Areas  of 
needed  technology  advancement  are  identified.  ABA  author. 

NASA-CR- 135053  R76AEG432  76/08/00  76N302I8 

STUDY  OF  TURBOFAN  ENGINES  DESIGNED  FOR  LOW  ENERGY  CONSUMPTION 
Neitzel,  R.E.;  Hirschkron,  R.;  Johnston,  R.P. 

General  Electric  Co.,  Cincinnati,  Ohio. 

(Aircraft  Engine  Group.) 

Subsonic  transport  turbofan  engine  design  and  technology  features  which  have  promise  of  improving  aircraft  energy 
consumption  are  described.  Task  1 addressed  the  selection  and  evaluation  of  features  for  the  CF6  family  of  engines  in 
current  aircraft,  and  growth  models  of  these  aircraft.  Task  II  involved  cycle  studies  and  the  evaluation  of  technology 
features  for  advanced  technology  turbofans,  consistent  with  initial  service  in  1985.  Task  III  pursued  the  refined  analysis 
of  a specific  design  of  an  advanced  technology  turbofan  engine  selected  as  the  result  of  task  II  studies.  In  all  of  the  above, 
the  impact  upon  aircraft  economics,  as  well  as  energy  consumption,  was  evaluated.  Task  IV  summarized  recommenda- 
tions for  technology  developments  which  would  be  necessary  to  achieve  the  improvements  in  energy  consumption 
identified.  ABA  author. 

NASA-CR- 1 35065  PWA-5434  76/06/00  76N29233 

STUDY  OF  UNCONVENTIONAL  AIRCRAFT  ENGINES  DESIGNED  FOR  LOW  ENERGY  CONSUMPTION 
Gray,  D.E. 

Pratt  and  Whitney  Aircraft,  East  Hartford,  Conn. 

Declining  US  oil  reserves  and  escalating  energy  costs  underline  the  need  for  reducing  fuel  consumption  in  aircraft  engines. 
The  most  promising  unconventional  aircraft  engines  based  on  their  potential  for  fuel  savings  and  improved  economics  are 
identified.  The  engines  installed  in  both  a long-range  and  medium-range  aircraft  were  evaluated.  Projected  technology 
advances  are  identified  and  evaluated  for  their  state-of-readiness  for  application  to  a commercial  transport.  Programs  are 
recommended  for  developing  the  necessary  technology.  ABA  author. 

NASA-CR- 134972  R76AEG268  76/01/00  76N22398 

EXPERIMENTAL  CLEAN  COMBUSTOR  PROGRAM.  ALTERNATE  FUELS  ADDENDUM,  PHASE  2 
Gleason,  C.C.;  Bahr,  D.W. 

General  Electric  Co.,  Evendale,  Ohio. 

The  characteristics  of  current  and  advanced  low-emissions  combustors  when  operated  with  special  test  fuels  simulating 
broader  range  combustion  properties  of  petroleum  or  coal  derived  fuels  were  studied.  Five  fuels  were  evaluated; 
conventional  JP-5,  conventional  No. 2 diesel,  two  different  blends  of  jet  A and  commercial  aromatic  mixtures  zylene 
bottoms  and  naphthalene  charge  stock,  and  a fuel  derived  from  shale  oil  crude  which  was  refined  to  jet  A specifications. 
Three  CF6-50  engine  size  combustor  types  were  evaluated;  the  standard  production  combustor,  a radial/axial  staged 
combustor,  and  a double  annular  combustor.  Performance  and  pollutant  emissions  characteristics  at  idle  and  simulated 
takeoff  conditions  were  evaluated  in  a full  annular  combustor  rig.  Altitude  relight  characteristics  were  evaluated  in  a 60 
degree  sector  combustor  rig.  Carboning  and  flashback  characteristics  at  simulated  takeoff  conditions  were  evaluated  in 
a 12  degree  sector  combustor  rig.  For  the  five  fuels  tested,  effects  were  moderate,  but  well  defined.  ABA  author. 

NASA-CR  1 35002  PWA-5318  76/04/00  76N22I97 

STUDY  OF  TURBOFAN  ENGINES  DESIGNED  FOR  LOW  ENERGY  CONSUMPTION 
Gray,  D.E. 

Pratt  and  Whitney  Aircraft,  East  Hartford,  Conn. 

The  near-term  technology  improvements  which  can  reduce  the  fuel  consumed  in  the  JT9D,  JT8D.  and  JT3D  turbofans 
in  commercial  fleet  operation  through  the  |980’s  are  identified.  Projected  technology  advances  are  identified  and 
evaluated  for  new  turbofans  to  be  developed  after  1985.  Programs  are  recommended  for  developing  the  necessary 
technology.  ABA  author. 
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75/00/00  75N3I074 

FUEL-CONSERVATIVE  ENGINE  TECHNOLOGY 
Dugan,  J.F.,  Jr;  McAulay.J.E;  Reynolds,  T.W.;  Stuck,  W.C. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio.  In  its  Aeron.  Propulsion 
p.  1 57-140  (see  N75-31068  22-07). 

Aircraft  fuel  consumption  is  discussed  in  terms  of  its  efficient  use,  and  the  conversion  of  energy  from  sources  other  than 
petroleum.  Topics  discussed  include  fuel  from  coal  and  oil  shale,  hydrogen  deficiency  of  alternate  sources,  alternate 
fuels  evaluation  program,  and  future  engines  ABA  F.O.S. 

NASA-TM-X-7 1 785  E-8450  75/08/00  75N30178 

PRELIMINARY  STUDY  OF  THE  FUEL  SAVING  POTENTIAL  OF  REGENERATIVE  TURBOFANS  FOR 
COMMERCIAL  SUBSONIC  TRANSPORTS 
Kraft.  G.A. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio. 

The  fuel  savings  potential  of  regenerative  turbofans  was  calculated  and  compared  with  that  of  a reference  turbofan.  At 
the  design  altitude  of  10.67  km  and  Mach  0.80,  the  turbine-inlet-temperature  of  the  regenerative  turbofan  was  fixed  at 
1 700  K while  the  overall  pressure  ratio  was  varied  from  10  to  20.  The  fan  pressure  ratio  was  fixed  at  1.6  and  the  bypass 
ratio  varied  from  8 to  10.  The  heat  exchanger  design  parameters  such  as  pressure  drop  and  effectiveness  varied  from  4 
to  8 percent  and  from  0.80  to  0.40  respectively.  Results  indicate  a fuel  savings  due  to  regeneration  of  4. 1 percent  and  no 
change  in  takeoff  gross  weight.  ABA  author. 

75/00/00  75N24012 

THE  LONG  TERM  ENERGY  PROBLEM  AND  AERONAUTICS 
Rudey,  R.A. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio.  In  its  NASA/Univ.  Conf.  on 
Aeron.  p. 183-210  (see  N75-2400I  20-01). 

The  projected  increase  in  energy  consumption  by  transportation  in  general  and  civil  aviation  in  particular  is  directly 
opposed  to  the  dwindling  supplies  of  natural  petroleum  crude  oil  currently  used  to  produce  aircraft  fuels.  This  fact 
dictates  the  need  to  develop  even  more  energy  conservative  aircraft  and  propulsion  systems  than  are  currently  available 
and  to  explore  the  potential  of  alternative  fuels  to  replace  the  current  petroleum  derived  hydrocarbons.  Advances  in 
technology  are  described  in  the  areas  of  improved  component  efficiency,  aircraft  and  engine  integration,  control  systems, 
and  advanced  lightweight  materials  that  are  needed  to  maximize  performance  and  minimize  fuel  usage.  Also,  improved 
turbofan  and  unconventional  engine  cycles  which  can  provide  significant  fuel  usage  reductions  are  described.  These 
advancements  must  be  accomplished  within  expected  environmental  constraints  such  as  noise  and  pollution  limits. 
Alternative  fuels  derived  from  oil  shale  and  coal  are  described,  and  the  possible  technological  advancements  needed  to  use 
these  fuels  in  aircraft  engines  are  discussed  and  evaluated  with  relation  to  potential  differences  in  fuel  characteristics. 

ABA  author. 

NASA-TM-X-7 1 740  F.-8371  75/05/00  75N24734 

PRELIMINARY  STUDY  OF  ADVANCED  TURBOPROPS  FOR  LOW  ENERGY  CONSUMPTION 
Kraft,  G.A.;  Strack,  W.C. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio. 

The  fuel  savings  potential  of  advanced  turboprops  (operational  about  1 485)  was  calculated  and  compared  with  that  of  an 
advanced  turbofan  for  use  in  an  advanced  subsonic  transport.  At  the  design  point,  altitude  10.67  km  and  Mach  0.80. 
turbine-inlet  temperature  was  fixed  at  1540  K while  overall  pressure  ratio  was  varied  from  25  to  50.  The  regenerative 
turboprop  had  a pressure  ratio  of  only  10  and  an  85  percent  effective  rotary  heat  exchanger.  Variable  camber  propellers 
were  used  with  an  efficiency  of  85  percent.  The  study  indicated  a fuel  savings  of  33  percent,  a takeoff  gross  weight 
reduction  of  1 5 percent,  and  a direct  operating  cost  reduction  of  1 8 percent  was  possible  when  turboprops  were  used 
instead  of  the  reference  turbofan  at  a range  of  10  to  200  km.  These  reductions  were  28.  II.  and  14  percent,  respectively, 
at  a range  of  5500  km  increasing  overall  pressure  ratio  from  25  to  50  saved  little  fuel  and  slightly  increased  takeoff  gross 
weight.  ABA  author. 

NASA-TM-X-7 1 663  E-8241  75/02/00  75NI824I 

PRELIMINARY  STUDY  OF  ADVANCED  TURBOFANS  FOR  LOW  ENERGY  CONSUMPTION 
Knip,  G. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio. 

This  analysis  determines  the  effect  of  higher  overall  engine  pressure  ratios  (OPR’s),  bypass  ratios  (BPR's),  and  turbine 
rotor-inlet  temperature  on  a Mach  0.85  transport  having  a range  of  5556  km  (3000  nmi)  and  carrying  a payload  of 
18144  kg  (40,000  lbs  200  passengers).  Sideline  noises  (jet  plus  fan)  of  between  4 1 and  106  EPNdB  (FAR  36)  are 
considered.  Takeoff  gross  weight  (TOC.W),  fuel  consumption  (kg/pass,  km)  and  direct  operating  cost  (DOC)  are  used 
at  the  figures  of  merit.  Based  on  predicted  1 485  levels  of  engine  technology  and  a noise  goal  of  46  EPNdB.  The  higher- 
OPR  engine  results  in  an  airplane  that  is  18  percent  lighter  in  terms  of  TOGW.  uses  22.3  percent  less  fuel,  and  has  a 14.7 
percent  lower  DOC  than  a comparable  airplani  powered  by  a current  turbofan.  Cooling  the  compressor  bleed  air  and 
lowering  the  cruise  Mach  number  appear  attractive  in  terms  of  further  improving  the  figures  of  merit.  ABA  author. 
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AD-763097  AFAPL-TR-72-103  73/05/00  73N29804 

HYDROGEN  CONTENT  AS  A MEASURE  OF  THE  COMBUSTION  PERFORMANCE  OF  HYDROC  ARBON  FUELS 
Martel,  C.R;  Angello,  L.C. 

Air  Force  Aero  Propulsion  Lab.,  Wright-Patterson  AFB,  Ohio. 

Previous  work  by  various  investigators  has  shown  that  the  hyd.ogen  content  of  a hydrocarbon  jet  fuel  is  the  primary 
variable  affecting  the  combustion  performance  of  the  fuel;  i.e.  the  amount  of  heat  radiated  during  the  combustion  of  the 
tuel  within  the  jet  engine  combustor.  The  results  of  statistical  correlations  of  fuel  data  are  presented  wherein  the 
hydrogen  content  of  fuels  is  correlated  with  other  fuel  combustion  measurements  including  smoke  point,  luminometer 
number,  and  net  heat  of  combustion.  Also,  the  hydrogen  content  of  fuel  is  correlated  with  the  specific  gravity  and 
aniline  point  measurements.  The  report  concludes  that  the  fuels'  hydrogen  content  can  be  calculated  with  sufficient 
accuracy  to  eliminate  the  need  for  measuring  smoke  points,  luminometer  numbers,  and  net  heat  of  combustion.  For 
conventional  jet  fuels  (JP-4,  JP-5,  JP-8,  jet  A,  jet  A-l , and  jet-B)  a minimum  allowable  hydrogen  content  of  13.5%  by 
weight  is  recommended.  ABA  author  (GRA). 
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76/08/00  76A39843 

CONCEPTUAL  DESIGN  OF  REDUCED  ENERGY  TRANSPORTS 
Ardetna,  M.D.;  Harper,  M.;  Smith,  C.L.;  Waters,  M.H.;  Williams,  L.J. 

(NASA,  Ames  Research  Center,  Moffett  Field,  Calif.) 

National  Aeronautics  and  Space  Administration.  Ames  Research  Center,  Moffett  Field,  Calif.  Journal  of  Aircraft, 

Vol.13,  Aug.  1976,  p.545-550. 

Tile  paper  reports  the  results  of  a conceptual  design  study  of  new  near-term  fuel  conservative  aircraft.  A parametric 
study  was  made  to  determine  the  effects  of  cruise  Mach  number  and  fuel  cost  on  the  optimum  configuration  characteris- 
tics and  relative  economic  performance.  Supercritical  wing  technology  and  advanced  engine  cycles  were  assumed.  For 
each  design,  the  wing  geometry  was  selected  to  maximize  an  economic  figure  of  merit  which  reflects  the  potential  rate 
of  return  on  investment.  Based  on  the  results  of  the  parametric  study,  a reduced  energy  configuration  was  selected. 
Compared  with  existing  transport  design,  the  reduced  energy  design  has  a higher  aspect  ratio  wing  with  lower  sweep, 
and  cruises  at  a slightly  lower  Mach  number.  It  yields  about  30%  more  seat-miles/gal  than  current  wide  body  aircraft. 

At  the  higher  fuel  costs  anticipated  in  the  future,  the  reduced  energy  design  has  about  the  same  economic  performance 
as  existing  designs  with  the  same  technology  level.  As  an  example  of  a far-term  technology  application,  a design  with  a 
composite  material  wing  was  also  investigated.  ABA  author. 

75/00/00  76A1039I 

THE  1974  ENERGY  CRISIS  A PERSPECTIVE  THE  EFFECT  ON  COMMERCIAL  AIRCRAFT  DESIGN 
Steiner,  J.E. 

(Boeing  Commercial  Airplane  Co.,  Renton,  Wash.) 

In  International  Air  Transportation;  Proceedings  of  the  Conference,  San  Francisco,  Calif.,  March  24  26,  1975. 

(A76-1 0389  01-03)  San  Francisco,  American  Society  of  Civil  Engineers,  1975,  p.  19-31. 

The  paper  identifies  some  aspects  of  aircraft  design  which  have  been  and  will  be  strongly  affected  by  the  design  criterion 
of  minimum  fuel  usage  necessitated  by  the  increased  fuel  costs  in  airline  operation.  Nonfan  aircraft  have  either  been 
retired  or  refurbished.  Reduction  of  cruise  speed  yielded  much  greater  savings  on  fuel  than  the  increase  in  such  items 
as  crew  pay  account.  Rescheduling  was  done  to  achieve  higher  load  factors.  Development  of  simple  refan  and  high- 
bypass  engines  is  necessary,  but  will  also  entail  redesign  of  airfoil  and  airframe  for  optimal  performance.  Higher  aspect 
ratio  wing  and  cruise  speed  optimization  will  provide  lower  trip  fuel,  reduced  engine  size,  and  increased  fuel  volume. 

More  accurate  Hying  will  result  in  fuel  savings,  which  will  hinge  on  automation  in  ATC  and  advanced  navigation  capability 
in  aircraft.  ABA  P.T.H. 

SAWE  Paper  1091  75/05/00  75A47509 

WEIGHT  CONTRIBUTION  TO  FUEL  CONSERVATION  FOR  TERMINAL  AREA  COMPATIBLE  AIRCRAFT 
Hanks,  G.W. 

(Boeing  Co.,  Seattle.  Wash.) 

Society  of  Allied  Weight  Engineers,  Annual  Conference,  34th,  Seattle,  Wash.,  May  5 7,  1975,  25  p. 

The  contribution  to  reductions  in  fuel  consumption  by  potential  weight  characteristics  of  advanced  aircraft  are 
considered,  and  trades  between  weight  reduction  versus  increased  aerodynamic  and  operating  efficiency  are  discussed. 
Direct  reductions  in  fuel  use  may  be  obtained  by  application  of  advanced  technology  in  structure  and  airfoils,  proper 
engine  choice,  and  revised  environmental  control  features.  Weight  penalties  involved  in  wing  planform  optimization  are 
countered  by  increased  aerodynamic  efficiency.  Results  of  studies  of  an  M = 0.80,  200  passenger,  5556  km  design 
incorporating  advanced  structure,  airfoils,  and  propulsion  show  21.6%  reductions  in  operational  empty  weight  and  take- 
. > 1 1 gross  weight  as  compared  to  a conventional  design.  Features  for  reduction  of  congestion  and  emissions  offer  fuel 
re, In.  lion  potential,  noise  reduction  devices  carry  weight  and  fuel-use  penalties.  Implementation  of  the  described  fuel 
■ Pi,  hon  approaches  will  yield  an  estimated  25 % reduction  in  fuel  consumption.  ABA  C.K.l). 

MAA  r.m  ' I0.U.  7VUH/00  75A4I69K 

ill  ssi  PV  At  ION  POSSIBII  Mil  S FOR  TERMINAL  AREA  COMPATIBLE  TRANSPORT  AIRCRAFT 
)•«•«<  I.  * I (rath.  A N . Jr 

w .«.*»  iai  \iipianr  I >>  Seattle.  Wash  );  (NASA,  laingley  Research  Center,  Hampton,  Va.) 

. i v - i .iM.  - and  Astronautics.  Aircraft  Systems  and  Technology  Meeting,  Los  Angeles,  Calif., 

$ t«t  M |4  ■» 

- fuel  consumption  and  improve  terminal-area  operations  for  advanced 

m m .»  i Vws«a>«  ■ > ii.i.h.  • .i  the  effc.  is  id  , ruise  speed,  wing  geometry . propulsion  cycle,  operational 
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. ••  b i'  .1.  . tun,  i,n,ii,,  m the  terminal  area  Technical  and  economic  evalua 

»•  « »,  figuration  with  transports  reflecting  the  current  level  of 

•-  «.«.  ...  sum  wpur*  .'alio  potential  benefits  are  described  \H \ (author) 
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SAE  Paper  750587  75/05/00  75A40502 

DESIGN  OF  SHORT  MAUI  AIRC  RAFT  F'OR  FUFF  CONSERVATION 

Bowden.  M.K.,  Sweet.  ITS..  Waters.  M II. 

( Lock  heed -( ieorgia  Co.,  Marietta.  Ga),  (NASA,  Ames  Research  Center.  Moffett  Field,  Calif.) 

Society  of  Automotive  Engineers,  An  Transportation  Meeting.  Hartford.  Conn..  May  6 8,  I *4 75,  16  p. 

Current  jet  fuel  prices  of  twice  the  1472  level  have  significantly  changed  the  characteristics  of  airplane  design  for  best 
economy  Hie  results  of  a contract  with  the  NASA  Ames  advanced  concepts  and  missions  division  confirmed  the 
economic  desirability  of  lower  design  cruise  speeds  and  higher  aspect-ratio  wings  compared  to  designs  developed  in  the 
by-gone  era  of  low  fuel  price.  Fvauation  of  potential  fuel  conservation  for  short-haul  aircraft  showed  that  an  interaction 
ot  airfoil  technology  and  desirable  engine  characteristics  is  important  the  supercritical  airfoil  permits  higher  aspect  ratio 
wings  with  lower  sweep:  these,  in  turn,  lower  the  cruise  thrust  requirements  so  that  engines  with  higher  bypass  ratios  are 
better  matched  in  terms  of  lapse  rate,  lower  cruise  speeds  (which  are  also  better  for  fuel  and  operating  cost  economy) 
push  the  desired  bypass  ratio  up  further.  Thus,  if  fuel  prices  remain  high,  or  rise  further,  striking  reductions  in 
community  noise  level  can  be  achieved  as  a fallout  in  development  of  a 1 480s  airplane  and  engine.  Analyses  are  presented 
ol  developmental  trends  in  the  design  of  short-haul  aircraft  with  lower  cruise  speeds  and  higher  aspect-ratio  wings,  and  the 
ettects  on  fuel  consumption  of  design  field  length,  powered  lift  concepts,  and  turboprop  as  well  as  turbofan  propulsion 
are  discussed.  ABA  (author). 

74/12/00  75  A I4.14<i 

RATINti  AIRC  RAFT  ON  ENERGY 
Maddalon.  I).V. 

(NASA.  Langley  Research  Center.  Aeronautical  Systems  l)iv..  Hampton,  Va.) 

Astronautics  and  Aeronautics.  Vol.12,  Dec.  1 474,  p. 20-4.1. 

Questions  concerning  the  energy  efficiency  of  aircraft  compared  to  ground  transport  are  considered,  taking  into  account 
as  energy  intensity  the  energy  consumed  per  passenger  statute  mile.  It  is  found  that  today's  transport  aircraft  have  an 
energy  intensity  potential  comparable  to  that  of  ground  modes.  Possibilities  for  improving  the  energy  density  arc  also 
much  better  in  the  case  of  aircraft  than  in  the  case  of  ground  transporation.  Approaches  for  potential  reductions 
in  aircraft  energy  consumption  arc  examined,  giving  attention  to  steps  for  increasing  the  efficiency  of  present  aircraft  and 
to  reductions  in  energy  intensity  obtainable  by  the  introduction  of  new  aircraft  utilizing  an  advanced  technology.  The 
use  ol  supercritical  aerodynamics  is  discussed  along  with  the  employment  of  composite  structures,  advances  in  propulsion 
systems,  and  the  introduction  of  very  large  aircraft.  Other  improvements  in  fuel  economy  can  be  obtained  by  a reduction 
of  skin-friction  drag  and  a use  of  hydrogen  fuel.  ABA  G.R. 

74/00/00  74.  116 

A RFVIFWOI-  PRECIOUS  RESOURCES  AND  THF1R  EFFECT  ON  AIR  TRANSPORT;  PROCEEDINGS  OF  Till 
SPRING  CONVENTION,  LONDON.  ENGLAND,  MAY  15.  16.  1474 

Convention  Sponsored  by  the  Royal  Aeronautical  Society.  London.  Royal  Aeronautical  Society.  1474.  282  p 

Papers  on  air  transport  resources  arc  given,  covering  nuclear  contribution  to  future  energy  supplies,  alternative  energy 
sources,  metallic  and  other  material  resources,  noise  reduction  goals,  effects  of  fuel  and  materials  shortages  on  aircraft 
development  and  operation,  future  propulsion  technology  for  ground  transport,  ami  economic  resources  utilization  in 
avaition.  llie  pricing  policies  of  oil  producing  nations,  hydrogen  energy  systems,  man  as  a precious  resource,  and  (lie 
quality  of  life  vs  aeronautics  arc  also  dealt  with.  Individual  items  arc  announced  in  this  issue.  ABA  V./. 

AD-A023765  76/04/00  78N72414 

REPORT  TO  C ONGRESS  BY  Till  FEDERAL  AVIATION  ADMINISTRATION  ON  PROPOSED  PROGRAMS  FOR 
AVIATION  ENERGY  SAVINGS  FEDERAL  AVIATION  ADMINISTRATION.  WASHINGTON.  D C. 

ORNL-NSF-EP-64  74/05/00  77N8542I 

AIRPLANE  ENERGY  USE  AND  CONSERVATION  STRATEGIES 

Pilati.  D A 

Oak  Ridge  National  Lab.,  Tetin. 

77/12/00  78NI840 

AIR  TRANSPORTATION  ENERGY  EFFICIENCY 
Williams.  L.J. 

National  Aeronautics  and  Space  Administration.  Ames  Research  Center.  Moffett  Field.  Calif.  In  Union  Coll.  Effects 
of  Energy  Constraints  on  Transportation  Systems,  p. 2 15-234  (see  N78-18524  04-44) 

Hie  energy  efficiency  of  air  transportation,  results  of  the  recently  completed  RECAT  studies  on  improvement  alterna- 
tives, and  the  NASA  aircraft  energy  efficiency  research  program  to  develop  the  technology  for  significant  improvements 
in  future  aircraft  were  reveiwed.  ABA  author 
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PB -271  24^/5  C'l  1V77-08  77/08/15  78N I 2552 

EFFECTIVE  FUEL  CONSERVATION  PROGRAMS  COULD  SAVE  MILLIONS  OF  GALLONS  OF  AVIATION  FUEL 
CENTRAL  ACCOUNTING  OFFICE,  WASHINGTON,  D C-, 

(Comimmily  ami  Economic  Development  Div.) 

Federal  actions  to  conserve  Fuel  used  by  the  airlines  are  discussed  and  additional  Fuel  saving  methods  are  suggested 
ABAGRA. 

AGARD-R-654  ISBN  *>2-835-1 247-2  77/Ob/OO  77N3204I 

SPECIAL  COURSE  ON  CONCEPTS  FOR  DRAG  REDUCTION  ADVISORY  GROUP  FOR  AEROSPAC  E RESEARCH 
AND  DEVELOPMENT.  PARIS  (FRANCE). 

Presented  at  an  AGARD  Special  Course  at  the  Von  Kiirman  Inst.,  Rhode-St-Genese,  Belgium,  28  Mar.  1 Apr.  1477. 
NASA-CR-137424  MDC-J7340-Vol-2  76/06/00  77N23073 

COST/BENEFIT  TRADEOFFS  FOR  REDUC  ING  TIIL  ENERGY  CONSUMPTION  OF  THE  COMMERCIAL  AIR 
TRANSPORTATION  SYSTEM.  VOLUME  2:  MARKET  AND  ECONOMIC  ANALYSES. 

Vanahkoude,  J.C. 

Douglas  Aircraft  Co.,  Inc.,  Long  Beach,  Calif. 

The  impact  of  the  most  promising  fuel  conserving  options  on  fuel  consumption,  passenger  demand,  operating  costs,  and 
airline  profits  when  implemented  into  the  US  domestic  and  international  airline  fleets  is  assessed.  The  potential  fuel 
savings  achievable  m the  US  scheduled  air  transportation  system  over  the  forecast  period.  1473  1 440,  are  estimated. 
ABA  author. 

NASA-CR-137423  MDC'-J734(EVol-l  76/06/00  77N23072 

COST/BE  NET  I T TRADEOFFS  FOR  REDUCING  THE  ENERGY  CONSUMPTION  OF  THE  COMMERCIAL  AIR 
TRANSPORTATION  SYSTEM.  VOLUME  I TECHNIC  AL  ANALYSIS 
Kraus,  E.F 

Douglas  Aircraft  Co.,  Inc.,  Long  Beach,  Calif. 

The  effectiveness  and  associated  costs  of  operational  and  technical  options  for  reduced  fuel  consumption  by  Douglas 
Aircraft  in  the  domestic  airline  fleet  are  assessed.  Areas  explored  include  alternative  procedures  for  airline  and  Bight 
operations,  advanced  and  state  of  the  art  technology,  modification  and  derivative  configurations,  new  near-term  aircraft, 
turboprop  configuration  studies,  and  optimum  aircraft  geometry.  Data  for  each  aircraft  studied  is  presented  in  tables  and 
graphs.  ABA  A.R.H. 

C.'PCE  78-544  76/00/00  7 7N 1 5 2 1 2 

ALTERNATIVE  FUELS  FOR  AVIATION  COMMITTEE  ON  AERONAUTICAL  AND  SPACE  SCIENCES 
(US  SENATE). 

Hearing  before  Subcomm.  on  Aerospace  Technol.  and  Natl,  needs  of  Comm  on  Aeronaut,  and  Space  Sci.,  44th  Congr , 
2D  Sess.,  27  28  Sep.  1476. 

Research  and  progress  in  the  development  of  alternative  fuels  for  aviation  are  discussed.  The  impact  of  using  non- 
optimum synthetic  hydrocarbon  based  fuels  on  aeronautical  structures  and  the  cost  of  commercial  airfares  is  explored. 
ABA  A H, 

NASA-CR-137427  LR-27764-1  76/08/00  77NI5008 

STUDY  OF  HIE  COST/BENEFIT  TRADEOFFS  FOR  REDUCING  THE  ENERGY  CONSUMPTION  OF  THE 
COMMERCIAL  AIR  TRANSPORTATION  SYSTEM 
Hopkins,  J.P..  Wharton,  II. E. 

Lockheed -California  Co.,  Burbank. 

For  abstract,  see  preceding  accession. 

AD-A023527  TASC-TR-545-1  AFFDL-TR-75-156  76/02/00  76N32333 

ENERGY  MANAGEMENT  TECHNIQUES  FOR  FUEL  CONSERVATION  IN  MILITARY  TRANSPORT  AIRCRAFT 
Stengel,  R.F.;  Marcus,  F.J. 

Analytic  Sciences  Corp.,  Reading,  Mass. 

This  report  presents  the  results  of  an  investigation  of  energy  management  techniques  for  fuel  conservation  in  a large  trans 
port  aircraft,  the  USAF  C-141 A Using  the  methods  of  optimal  control  theory  and  numerical  simulation,  fuel-optimal 
Bight  paths  are  computed  and  compared  with  conventional  vert  cal  profiles  for  typical  mission  scenarios.  Algorithms  for 
on-board  guidance  to  minimize  fuel  use  are  synthesized  and  evaluated,  and  functional  requirements  for  system  implemen- 
tation are  developed.  Concepts  for  Bight  testing  this  throttle/energy  management  technique  are  presented.  ABA  GRA. 


NASA-CR-13789|  76/06/00  76N3I079 

STUDY  OF  COST/BI Ni  l I T I RADI OFFS  FOR  REDUCING  I MF  ENERGY  CONSUMPTION  OF  Till  COMMERCIAL 

AIR  rRANSPORTATION  SYSTEM 

Coykendall,  R.F..  Curry, J K . Dornke.  A I . Madsen,  S. I 

United  Air  Lanes,  Inc.,  San  Franeisco,  Calif. 

Economic  studies  were  condueted  for  three  general  fuel  conserving  options  ( 1 ) improving  fuel  consumption  characteristics 
of  existing  aircraft  via  retrofit  modifications.  (2)  introducing  fuel  efficient  derivations  of  existing  production  aircraft 
and/or  introducing  fuel  efficient,  current  state-of-the-art  new  aircraft,  and  (3)  introducing  an  advanced  state-of-the-art 
turboprop  airplane.  Lhese  studies  were  designed  to  produce  an  optimum  airline  Heel  mix  for  the  years  1 980,  1985  and 
1990.  The  Heel  selected  accommodated  a normal  growth  market  by  introducing  somewhat  larger  aircraft  while  solving 
for  maximum  departure  frequencies  and  a minimum  load  factor  corresponding  to  a 15'.  investment  hurdle  rate.  Fuel 
burnt  per  available-seat-mile  flown  would  drop  22‘i  from  1980  to  1990  due  to  the  use  of  more  fuel  efficient  aircraft 
designs,  larger  average  aircraft  si/e,  and  increased  seating  density.  An  inflight  survey  was  taken  to  determine  air  traveler 
attitudes  towards  a new  generation  of  advanced  turboprops.  AHA  author. 

NASA-TM-X-73922  76/07/00  76N28224 

STUDY  OF  OPERATIONAL  PARAMETERS  IMPACTING  HELICOPTER  FULL  CONSUMPTION 
Cross,  J.L.,  Stevens,  D.D. 

National  Aeronautics  and  Space  Administration.  Langley  Research  Center,  Langley  Station,  Va. 

A computerized  study  of  operational  parameters  affecting  helicopter  fuel  consumption  was  conducted  as  an  integral  part 
of  the  NASA  civil  helicopter  technology  program.  Hie  study  utilized  the  helicopter  sizing  and  performance  computer 
program  (IIESCOMP)  developed  by  the  Boeing-VFRTOL  company  and  NASA  Ames  Research  Center.  An  introduction 
to  HFSCOMP  is  incorporated  in  this  report.  The  results  presented  were  calculated  using  the  NASA  Cll-53  civil  helicopter 
research  aircraft  specifications.  Plots  from  which  optimum  flight  conditions  for  minimum  fuel  use  that  can  be  obtained 
are  presented  for  this  aircraft.  The  results  of  the  study  are  considered  to  be  generally  indicative  of  trends  for  all 
helicopters.  ABA  author. 

N ASA-CR- 1 37878  UTRC-R-76-91 2036-1 7 76/06/00  76N28204 

COST/BENEFIT  TRAOF-OFFS  FOR  REDUCING  THE  ENERGY  CONSUMPTION  OF  COMMERCIAL  AIR 
TRANSPORTATION  (RECAT) 

Gobetz,  F.W.;  Leshane.  A. A, 

United  Technologies  Research  Center,  East  Hartford,  Conn. 

The  RECAT  study  evaluated  the  opportunities  for  reducing  the  energy  requirements  of  the  US  domestic  air  passenger 
transport  system  through  improved  operational  techniques,  modified  in-service  aircraft,  derivatives  of  current  production 
models,  or  new  aircraft  using  either  current  or  advanced  technology.  Each  of  these  fuel-conserving  alternatives  was 
investigated  individually  to  test  its  potential  for  fuel  conservation  relative  to  a hypothetical  baseline  case  in  which  current, 
in-production  aircraft  types  are  assumed  to  operate,  without  modification  and  with  current  operational  techniques,  into 
the  future  out  to  the  year  2000.  Consequently,  while  the  RECAT  results  lend  insight  into  the  directions  in  which  techno- 
logy can  best  be  pursued  for  improved  air  transport  fuel  economy,  no  single  option  studied  in  the  RECAT  program  is 
indicative  of  a realistic  future  scenario.  ABA  author. 

N ASA-CR- 1 44949  LG76ER007b-Vol-2  76/05/00  76N24I45 

STUDY  OF  THE  APPLICATION  OF  ADVANCED  TECHNOLOGIES  TO  LAMINAR  FLOW  CONTROL  SYSTEMS  FOR 

SUBSONIC  TRANSPORTS.  VOLUME  2:  ANALYSES 

Sturgeon,  R.F.;  Bennett,  J. A.;  Etchberger.  F.R..  Ferrill,  R.S.;  Meade,  L.E. 

Lockhecd-Georgia  Co.,  Marietta. 

For  abstract,  see  N76-24I44. 

NASA-CR-1 44975  LG76ER0076-Vol-I  76/05/00  76N24I44 

STUDY  OF  Till  APPLICATION  OF  ADVANCED  TECHNOLOGIES  TO  L AMINAR  FLOW  CONTROL  SYSTEMS  FOR 

SUBSONIC  TRANSPORTS.  VOLUME  1:  SUMMARY 

Sturgeon,  R.F.;  Bennett,  J. A.,  Etchberger,  F.R.;  Ferrill,  R.S.;  Meade,  L.E. 

Lockheed-Georgia  Co.,  Marietta. 

A study  was  conducted  to  evaluate  the  technical  and  economic  feasibility  of  applying  laminar  flow  control  to  the  wings 
and  empennage  of  long-range  subsonic  transport  aircraft  compatible  with  initial  operation  in  1985.  For  a design  mission 
range  of  10,186  km  (5500  n mi),  advanced  technology  laminar-flow-control  (LFC)  and  turbulent-flow  (TF)  aircraft  were 
developed  for  both  200  and  400-passenger  payloads,  and  compared  on  the  basis  of  production  costs,  direct  operating 
costs,  and  fuel  efficiency.  Parametric  analyses  were  conducted  to  establish  the  optimum  geometry  for  LFC  and  TF 
aircraft,  advanced  LFC  system  concepts  and  arrangements  were  evaluated,  and  configuration  variations  maximizing 
the  effectiveness  of  LFC  were  developed.  For  the  final  LFC  aircraft,  analyses  were  conduncted  to  define  maintenance 
costs  and  procedures,  manufacturing  costs  and  procedures,  and  operational  considerations  peculiar  to  LFC  aircraft. 
Compared  to  the  corresponding  advanced  technology  TF  transports,  the  200-  and  400-passenger  LFC  aircraft  realized 
reductions  in  fuel  consumption  up  to  28.2'K  reductions  in  direct  operating  costs  up  to  8.4'  7,  and  improvements  in  fuel 


efficiency,  in  ssm/lb  of  fuel,  up  to  39.4%.  Compared  to  current  commercial  transports  at  the  design  range,  the  LFC 
study  aircraft  demonstrate  improvements  in  fuel  efficiency  up  to  131%.  Research  and  technology  requirements  requisite 
to  the  development  of  the  LFC  transport  aircraft  were  identified.  ABA  author. 

NASA-CR-I48I48  RHPT-75-163-1  75/10/06  76N23249 

AN  ASSKSSMFNT  OF  THE  BENEFITS  OF  THE  USE  OF  NASA  DEVELOPED  FUEL  CONSERVATIVE 
TECHNOLOGY  IN  THE  US  COMMERCIAL  AIRCRAFT  FLEET 
ECON,  Inc..  Princeton,  N.J. 

Cost  and  benefits  of  a fuel  conservative  aircraft  technology  program  proposed  by  NASA  are  estimated.  NASA  defined 
six  separate  technology  elements  for  the  proposed  program:  (a)  engine  component  improvement  (h)  composite  structures 
(c)  turboprops  (d > laminar  How  control  (e)  fuel  conservative  engine  and  (0  fuel  conservative  transport.  There  were  two 
levels  postulated:  the  baseline  program  was  estimated  to  cost  $490  million  over  10  years  with  peak  funding  in  1980. 

The  level  two  program  was  estimated  to  cost  an  additional  $180  million  also  over  10  years.  Discussions  with  NASA  and 
with  representatives  of  the  major  commercial  airframe  manufacturers  were  held  to  estimate  the  combinations  of  the 
technology  elements  most  likely  to  be  implemented,  the  potential  fuel  savings  from  each  combination,  and  reasonable 
dates  for  incorporation  of  these  new  aircraft  into  the  fleet.  ABA  author. 

AD-A0I5927  AFOSR-75-1337TR  75/04/00  76N20886 

PERIODIC  CONTROL  OF  VEHICLE  CRUISE:  IMPROVED  FUEL  ECONOMY  BY  HIGH  AND  LOW  FREQUENCY 

SWITCHING 

Gilbert,  E.G. 

Michigan  Univ.,  Ann  Arbor.  (Dept,  of  Aerospace  Engineering) 

It  is  shown  that  time-dependent  periodic  control  can  improve  the  fuel  economy  of  vehicles  in  cruise.  The  time-dependent 
controls  considered  are  relaxed  steady-state  (RSS)  control,  quasi-steady-state  (QSS)  control,  and  quasi-relaxed  steady- 
state  (QRSS)  control.  Examples  are  given  which  show  that  QRSS  control  may  give  better  performance  than  either  RSS 
or  QSS  control.  Properties  of  optimal  cost  functions  (dependent  on  the  minimum  required  average  speed)  are  derived. 

Die  possibility  or  impossibility  of  improved  performance  through  the  use  of  QRSS,  QSS,  and  RSS  control  is  investigated 
in  terms  of  assumptions  on  the  vehicle  drag  and  fuel-consumption  functions.  ABA  GRA. 

PB-24627 1/1  FEA/B-75/588-Vol-l  75/06/00  76N18089 

THE  ECONOMIC  IMPACT  OF  ENERGY  SHORTAGES  ON  COMMERCIAL  AIR  TRANSPORTATION  AND 
AVIATION  MANUFACTURE.  VOLUME  1:  IMPACT  ANALYSIS 
Gorham,  J.E.;  Gross,  D.;  Snipes,  J.C. 

Stanford  Research  Inst.,  Arlington,  Va. 

The  impact  is  evaluated  of  the  energy  shortage  on  commercial  air  transportation  and  its  related  manufacturing  industries. 
As  a result,  the  forces  arc  analyzed  of  change  at  work  in  the  air  transportation  industry  relating  to  the  energy  crisis,  both 
desirable  and  undesirable,  that  are  likely  to  affect  the  way  the  industry  does  business,  its  efficiency  or  inefficiency  in  the 
use  of  fuel,  the  impact  of  continued  fuel  price  increases,  and  the  ability  of  the  industry  to  use  the  most  fuel-efficient 
aircraft  presently  or  prospectively  available.  The  cumulative  impact  is  considered  of  these  factors  affecting  air  transporta- 
tion on  the  need  for,  number  of.  and  timing  of  requirements  for  new  aircraft  in  order  to  assess  the  secondary  impact  on 
the  aircraft,  engines,  and  parts  manufacturing  industries.  ABA  GRA. 

NASA-TM-X-7 1 744  75/00/00  75N25298 

CHALLENGE  TO  AVIATION:  HATCHING  A LEANER  PTEROSAUER 
Moss,  F.E. 

National  Aeronautics  and  Space  Administration.  Lewis  Research  Center,  Cleveland,  Ohio. 

Presented  at  Aeron.  Propulsion  Conf.,  Cleveland,  13  May  1975. 

Modifications  in  commercial  aircraft  design,  particularly  the  development  of  lighter  aircraft,  are  discussed  as  effective 
means  of  reducing  aviation  fuel  consumption.  The  modifications  outlined  include  ( I ) use  of  the  supercritical  wing, 

(2)  generation  of  the  winglet;  (3)  production  and  flight  testing  of  composite  materials;  and  (4)  implementation  of  fly-by- 
wire control  systems.  Attention  is  also  given  to  engineering  laminar  air  flow  control,  improving  cargo  payloads,  and 
adapting  hydrogen  fuels  for  aircraft  use.  ABA  L.B. 

NASA-CR-1 32608  D6-22421  75/05/00  75NI9224 

FUEL  CONSERVATION  POSSIBILITIES  FOR  TERMINAL  AREA  COMPATIBLE  AIRCRAFT 
Boeing  Commercial  Airplane  Co.,  Seattle,  Wash. 

Design  features  and  operational  procedures  are  identified,  which  would  reduce  fuel  consumption  of  future  transport 
aircraft.  Tire  fuel-saving  potential  can  be  realized  during  the  last  decade  of  this  century  only  if  the  necessary  research  and 
technology  programs  are  implemented  in  the  areas  of  composite  primary  structure,  airfoil/wing  design,  and  stability 
augmentation  systems.  The  necessary  individual  R and  T programs  are  defined.  The  sensitivity  to  fuel  usage  of  several 
design  parameters  (wing  geometry,  cruise  speed,  propulsion)  is  investigated,  and  the  results  applied  to  a candidate  18. 
140-kg  (40,000-lb)  payload,  5556-km  (3000-nmi)  transport  design.  Technical  and  economic  comparisons  are  made  with 
current  commercial  aircraft  and  other  advanced  designs.  ABA  author. 


B-l  I 


NASA-TM-X-72659  75/02/00  75NI7339 

FUTURE  LONG-RANGE  TRANSPORTS:  PROSPECTS  FOR  IMPROVED  FUEL  EFFICIENCY 
Nagel,  A.L.;  Alford,  W.J.,  Jr;  Dugan.  J.F.,  Jr 

National  Aeronautics  and  Space  Administration.  Langley  Research  Center,  Langley  Station,  Va. 

A status  report  is  provided  on  current  thinking  concerning  potential  improvements  in  fuel  efficiency  and  possible 
alternate  fuels.  Topics  reviewed  are:  (I ) historical  trends  in  airplane  efficiency;  (2)  technological  opportunities  including 
supercritical  aerodynamics,  (3)  vortex  diffusers,  (4)  composite  materials,  (5)  propulsion  systems,  (6)  active  controls,  and 
terminal-area  operations;  (7)  unconventional  design  concepts,  and  (8)  hydrogen-fueled  airplane.  ABA  author. 

74/12/00  75NI6982 

IMPACT  ON  AERODYNAMIC  DESIGN 

Haler,  X. 

Technische  Hochschule,  Darmstadt  (West  Germany). 

(Inst,  fur  Flugteehnik.)  In  AGARD  the  1974  AGARD  Ann.  Meeting,  p.47-55  (see  N75-16977  08-44). 

Die  impact  of  fossil  fuel  consumption  and  anticipated  shortages  on  aircraft  design  for  improved  efficiency  is  examined. 
Aerodynamic  possibilities  for  improved  efficiency  are  as  follows:  ( I ) aerodynamic  configuration  optimization, 

(2)  boundary  layer  suction,  (3)  the  oblique  wing,  and  (4)  supercritical  airfoils.  Aerodynamic  improvements  using  active 
controls  are  as  follows:  ( I ) relaxed  static  stability,  (2)  maneuver  load  control,  (3)  active  flutter  control,  and  (4)  gust 
alleviation  and  fatigue  damage  control.  Changes  in  aircraft  aerodynamics  design  resulting  from  the  use  of  hydrogen  fuel 
are  analyzed.  ABA  author. 

74/12/00  75N16979 

ENERGY-RELATED  RESEARCH  AND  DEVELOPMENT  IN  THE  UNITED  STATES  AIR  FORCE 
Yarymovych,  M.l. 

Department  of  the  Air  Force.  Washington,  D.C.  In  AGARD  the  1974  Ann.  Meeting,  p.21-30  (see  N75-16977  08-44). 

The  requirements  for  petroleum  based  energy  sources  by  the  department  of  defense  of  the  United  States  are  analyzed. 

In  addition  to  the  requirements  of  the  military  forces,  the  logistic  requirements  are  also  examined.  The  impact  of  the 
energy  crisis  on  military  research  and  development  programs  to  develop  new  energy  sources  for  military  use  is  examined. 
Methods  of  reducing  fuel  consumption  by  aircraft  design  and  structural  modification  are  proposed.  The  effectiveness  of  a 
campaign  to  reduce  energy  requirements  and  expenditures  is  documented.  ABA  author. 

74/12/00  75N 16977 

THE  1974  AGARD  ANNUAL  MEETING:  THE  ENERGY  PROBLEM  IMPACTS  ON  MILITARY  RESEARCH  AND 
DEVELOPMENT. 

Advisory  Group  for  Aerospace  Research  and  Development,  Paris  (France). 

Meeting  held  at  Paris,  26  Sep.  1974. 

NASA-CR-2502  75/02/00  7SNI6557 

EVALUATION  OF  ADVANCED  LIFT  CONCEPTS  AND  POTENTIAL  FUEL  CONSERVATION  FOR  SHORT-HAUL 
AIRCRAFT 

Sweet,  H.S.;  Renshaw,  J.H.;  Bowden,  M.K. 

Lockheed  Aircraft  Corp.,  Burbank,  Calif. 

The  effect  of  different  field  lengths,  cruise  requirements,  noise  level,  and  engine  cycle  characteristics  on  minimizing  fuel 
consumption  and  minimizing  operating  costs  at  high  fuel  prices  were  evaluated  for  some  advanced  short-haul  aircraft. 

The  conceptual  aircraft  were  designed  for  148  passengers  using  the  upper  surfacc-internally  blown  jet  flap,  the  augmentor 
wing,  and  the  mechanical  flap  lift  systems.  Advanced  conceptual  STOL  engines  were  evaluated  as  well  as  a near-term 
turbofan  and  turboprop  engine.  Emphasis  was  given  to  designs  meeting  noise  levels  equivalent  to  95-100  EPNdB  at 
1 52  m (500  ft)  sideline.  ABA  author. 

NASA-TM-X-71927  73/12/20  74N20654 

AERONAUTICAL  FUEL  CONSERVATION  POSSIBILITIES  FOR  ADVANCED  SUBSONIC  TRANSPORTS 
Braslow,  A.L.;  Whitehead,  A.H.,  Jr 

National  Aeronautics  and  Space  Administration.  Langley  Research  Center,  Langley  Station,  Va. 

The  anticipated  growth  of  air  transportation  is  in  danger  of  being  constrained  by  increased  prices  and  insecure  sources 
of  petroleum-based  fuel.  Fuel-conservation  possibilities  attainable  through  the  application  of  advances  in  aeronautical 
technology  to  aircraft  design  are  identified  with  the  intent  of  stimulating  NASA  R and  T and  systems-study  activities  in 
the  various  disciplinary  areas.  The  material  includes  drag  reduction;  weight  reduction;  increased  efficiency  of  main  and 
auxiliary  power  systems;  unconventional  air  transport  of  cargo;  and  operational  changes.  ABA  author. 


R-1360-NSF  73/10/00  74N18606 

THE  POTENTIAL  FOR  ENERGY  CONSERVATION  IN  COMMERCIAL  AIR  TRANSPORT 
Mulch.  J.i. 

Rand  Corp..  Santa  Monica.  Calif. 

The  potential  is  examined  for  reducing  the  energy  requirements  of  the  US  commercial  airlines,  with  emphasis  on  the 
certificated-route  air  carriers.  Measures  stressed  are  independent  of  the  level  of  traffic  demand.  They  are  intended  to 
reduce  energy  requirements  by  decreasing  the  energy  intensity  of  air  transport.  The  possibility  is  examined  of 
substituting  more  efficient  transport  modes  for  aviation  in  short-haul  routes  and  the  attendant  net  energy  savings  is 
assessed.  Measures  that  yield  benefits  in  both  the  short  and  long  term  are  considered  and  their  conservation  potentials 
are  quantified  relative  to  present  and  future  energy  requirements.  The  results  should  be  of  interest  to  those  involved  in 
airline  activities,  including  governmental  regulatory  and  policymaking  bodies,  industry  groups,  and  the  airlines  themselves. 
ABA  author. 


CATEGORY  3 - ENERCY  RESOURCES  FORECASTS 


77/00/00  77A460°3 

ENERGY  SUPPLY  TO  THE  YEAR  2000:  GLOBAL  AND  NATIONAL  STUDIES 
Martin.  W.F. 

Cambridge,  Mass.,  MIT  Press,  I ‘477.  418  p. 

The  book  reports  the  results  of  energy  supply  studies,  conducted  as  an  international  project  and  involving  over  seventy- 
five  people  from  fifteen  countries.  Methods  were  developed  for  estimating  energy  supply  and  demand  through  the  year 
2000  and  for  integrating  them.  A description  is  provided  of  the  methodology  and  imyor  conclusions  of  the  supply  studies. 
Individual  global  overviews  are  included  for  oil,  natural  gas,  coal,  nuclear  energy,  other  fossil  fuels,  and  renewables  such  as 
hydroelectricity  and  geothermal  and  solar  energy.  Individual  national  supply  studies  are  discussed,  giving  attention  to 
Canada.  Denmark,  Finland,  France,  The  German  Federal  Republic,  Italy,  Japan,  Mexico,  The  Netherlands,  Norway, 
Sweden,  The  United  Kingdom,  and  The  United  States.  ABA  G.R. 

AD-A0I6433  SA1-74-630-WA  RADC-TR-75- 1*1*1  75/07/00  76N72630 

ANALYSIS  OF  THE  ENERGY  RESOURCES  AND  DEMAND  OF  WESTERN  EUROPE 
Schneider,  J.F.;  Dance,  K.D.;  Lind.  R.C.;  Ryan,  R.B.;  Williams.  A.R. 

Science  Applications,  Inc.,  McLean,  Va. 

PB-255351/*)  FEA/D-76/026  FEA/D-CP-48  76/07/00  77NI06*10 

BASELINE  ENERGY  FORECASTS  AND  ANALYSIS  OF  ALTERNATIVE  STRATEGIES  FOR  AIRLINE  FUEL 
CONSERVATION 

Urban  Systems  Research  and  Engineering,  Inc.,  Cambridge,  Mass. 

Baseline  forecasts  of  airline  activity  and  energy  consumption  to  1 W0  were  developed  to  evaluate  the  impact  of  fuel 
conservation  strategies.  Alternative  policy  options  to  reduce  fuel  consumption  were  identified  and  analyzed  for  three 
base  line  levels  of  aviation  activity  within  the  framework  of  an  aviation  activity/energy  consumption  model.  By 
combining  the  identified  policy  options,  a strategy  was  developed  to  provide  incentives  for  airline  fuel  conservation. 
Strategies  and  policy  options  were  evaluated  in  terms  of  their  impact  on  airline  fuel  conservation  and  the  functioning  of 
the  airline  industry  as  well  as  the  associated  social  environmental,  and  economic  costs.  ABA  GRA. 

AD-A022081  TETRAT-A-642-75-1 58  75/01/27  76N29736 

SUMMARY  OF  NATO  SYNTHETIC  FUEL  ALTERNATIVES 
Tomlinson,  G. 

Tetra  Tech,  Inc.,  Arlington.  Va. 

In  the  past  year,  the  problem  of  natural  crude  supply  (and  its  cost)  has  reached  critical  proportions  for  the  United  States 
and  Western  Europe.  In  view  of  this  crisis  the  NATO  countries  have  been  forced  to  consider  such  alternative  fossil  fuel 
sources  as  coal,  oil  shale,  and  tar  sands  for  their  military  forces.  The  use  of  these  fuels  does  not  present  a problem  of 
supply,  for  the  NATO  nations  have  deposits  of  these  fossil  fuels  that  far  exceed  the  proven  world  reserves  of  crude  oil.  It 
does,  however,  present  a problem  of  technology  how  to  realize  and  use  effectively  the  synthetic  product  of  these 
deposits.  Coal,  for  example,  is  particularly  plentiful,  exceeding  the  NATO  oil  reserves  and  oil  shale  and  tar  sands 
resources  by  almost  a factor  of  ten.  NATO  Naval  Forces  are  affected  by  the  fuel  shortage  and  cost  since  most  NATO 
Naval  ships  and  all  its  aircraft  use  liquid  hydrocarbon  fuels;  the  requirement  for  large  quantities  of  liquid  fossil  fuels  will 
continue  for  at  least  the  next  25  years.  Consequently,  the  military  forces  of  NATO  are  particularly  interested  in  the 
development  of  other  sources  and  production  methods  for  liquid  fossil  fuels.  Conversion  technologies  for  producing 
liquid  fuel  products  from  oil  shale  and  coal  have  been  demonstrated,  a commercial  tar  sands  plant  is  currently  in  opera- 
tion in  Canada,  and  several  research  and  development  programs  are  being  conducted  to  improve  the  conversion  process 
and  to  reduce  the  cost  of  synthetic  fuels.  The  improved  oil  shale  and  coal  conversion  processes  are  now  entering  the 
pilot  plant  stage;  commercial  oil  shale  plants  are  expected  to  beg":  operation  by  I *>80  and  commercial  coal  liquefaction 
plants  should  begin  operation  by  I *>85.  ABA  GRA. 

AD-A0107I2  CERL-TR-E-58  75/05/00  76NI0562 

PROJECTIONS  OF  ENERGY  AVAILABILITY,  COST.  AND  AGGREGATE  DEMAND  FOR  1475,  1*180,  1*185,  1 990 
Berstein,  H.M.;  Hinkle,  B.K.;  Bazques,  E.O. 

Hittman  Associates,  Inc.,  Columbia,  Md. 

This  report  investigates  the  availability,  cost,  and  aggregate  demand  of  energy  resources  for  1*175,  1*180,  1*185  and  1W0. 
The  consumption  of  energy  resources  for  I *>70  has  been  included  for  comparative  purposes.  The  energy  sources 
examined  include  petroleum,  gas,  coal,  nuclear,  hydropower,  solar,  geothermal,  and  electricity.  ABA  GRA. 

NASA-TM-X-62404  DOT-TST-74-I3-I  74/06/00  75NI36*H) 

TRANSPORTATION  VEHICLE  ENERGY  INTENSITIES.  A JOINT  DOT/NASA  REFERENCE  PAPER 
Mascy.  A.C.;  Paullin,  R.L. 

(DOT,  Washington) 

National  Aeronautics  and  Space  Administration.  Ames  Research  Center,  Moffett  Field,  Calif. 


A compilation  of  data  on  the  energy  consumption  of  air  and  ground  vehicles  is  presented.  The  ratio  BTU/ASM,  British 
Thermal  Units/ Available  Seat  Mile,  is  used  to  express  vehicle  energy  intensiveness,  and  related  to  the  energy  consumed 
directly  in  producing  seat-mile  or  ton-mile  productivity.  Data  is  presented  on  passenger  and  freight  vehicles  which  are  in 
current  use  or  which  are  about  to  enter  service,  and  advanced  vehicles  which  may  be  operational  in  the  1980's  and 
beyond.  For  the  advanced  vehicles,  an  estimate  is  given  of  the  date  of  initial  operational  service,  and  the  performance 
characteristics.  Other  key  considerations  in  interpreting  energy  intensiveness  for  a given  mode  are  discussed,  such  as 
load  factors,  operations,  overhead  energy  consumption,  and  energy  investments  in  new  structure  and  equipment.  ABA 
author. 

ORNL-NSF-EP-68  74/04/00  75N 10039 

TOTAL  ENERGY  USE  FOR  COMMERCIAL  AVIATION  IN  THE  US 

Hirst,  E. 

Oak  Ridge  National  Lab.,  Tenn. 

Tlie  total  energy  impacts  of  commercial  aviation  in  the  United  States  are  shown.  Direct  fuel  use  by  commercial  airplanes 
( 1 080  trillion  BTU  in  1971)  amounts  to  6%  of  direct  fuel  use  for  all  domestic  transportation,  1 .6%  of  the  total  national 
energy  budget.  Indirect  energy  requirertvnts  are  one-thinl  as  great  as  the  direct  fuel  use.  Thus,  total  energy  demand  for 
domestic  commercial  aviation  in  1971  was  1450  trillion  BTU,  2%  of  national  energy  use.  Direct  fuel  savings  due  to 
adoption  of  airline  conservation  measures  can  be  increased  by  one-third  to  account  for  the  indirect  energy  savings.  Some 
conservation  measures,  such  as  a reduction  in  short-haul  flights,  are  likely  to  have  larger  energy  savings,  because  short-haul 
flights  involve  higher  maintenance  costs,  greater  airport  use,  and  higher  passenger  service  costs  on  a passenger-mile  basis 
than  do  longer  flights.  Other  measures,  such  as  reducing  cruise  speeds,  are  likely  to  have  relatively  small  indirect  energy 
savings.  In  all  cases,  the  direct  fuel  savings  can  be  increased  by  20%.  ABA  NSA. 
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This  AGARD  Lecture  Series  No.  % is  sponsored  by  the  Propulsion  and  Energetics  Panel  of  AGARD  and  is 
implemented  by  the  Consultant  and  Exchange  Programme. 

Future  fuel  supplies  for  aviation  is  an  important  matter.  If  the  world  continues  to  consume  its  petroleum 
resources  at  its  current  rate  of  consumption,  it  will  essentially  run  out  of  these  resources  by  the  turn  of  the 
century.  The  need  for  aircraft  fuel  conservation  is  most  urgent,  if  not  mandatory,  because  the  future  of 
aviation  as  we  know  it  today,  is  at  stake.  This  lecture  series  is  designed  to  provide  various  interested  members 
of  NATO  with  a better  understanding  of  the  problems  facing  the  aerospace  community  and  to  provide  an 
opportunity  to  review  and  assess  what  steps  can  and  are  being  taken  to  alleviate  this  international  problem. 


Refitting  Conservation 
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Current  and  forecasted  world  energy  demands,  growth,  and  supply  are  reviewed  in  perspective  to  the  status 
and  outlook  for  future  aviation  fuels  to  meet  NATO  needs.  The  special  problems  associated  with  the 
refining  of  aviation  fuels  from  lower  quality  feedstocks  (including  fuel  refined  from  coal,  oil  shale,  and  tar 
sands)  and  techniques  for  reducing  energy  consumption  in  refining  processes  are  examined.  Special 
attention  is  given  to  the  chemistry  and  combustion  characteristics  of  future  hydrocarbon  fuels  and  the 
impact  of  using  these  fuels  in  aircraft  engines  and  fuel  systems.  An  assessment  is  made  as  to  what 
technology  advancements  are  currently  underway  and  what  other  advancements  are  needed  with  reference 
to  engine  components,  engine  systems,  aircraft  designs  and  operational  procedures  to  help  conserve  fuel 
resources.  ^ 

The  material  in  this  publication  was  assembled  to  support  a Lecture  Series  under  the  sponsorship  of  the 
Propulsion  and  Energetics  Panel  and  the  Consultant  and  Exchange  Programme  of  AGARD  presented  on 
1617  October,  1978  in  Munich,  Federal  Republic  of  Germany,  and  19-20  October,  1978  in  London.  UK. 
In  addition,  a one-day  Round-Table  Discussion  was  held  in  Paris.  France  on  13  October,  1978 
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